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PREFACE. 



The usefulness of the Indicator as a steam engine 
analyser is now universally acknowledged, and the 
engineer who has to either make or use an engine must 
feel at a disadvantage if he has not some knowledge of 
how to analyse its working by means of this instrument. 

The complete story, as written by the Indicator pencil, 
ofttimes can only be interpreted by the assistance of much 
experience, together with clear ideas as to the capacity of 
the instrument to record the truth. In the following 
pages the author has endeavoured to give the result of a 
certain amount of experience as well as to indicate in 
what direction to look for those irregularities commonly 
found under ordinary conditions of use. 

The author has been much assisted by Mr. J. G. Hudson 
M.I.C.E., of Messrs. Hick, Hargreaves, and Co. ; by Mr. 
Edward G. Hiller, M.I.M.E., chief engineer of the National 
Boiler and General Insurance Company, of Manchester ; 
and by Mr. W. H. Fowler, Wh. Sc, A.M.I.C.E., M.I.M.E., 
who kindly placed some useful examples of Indicator 
Diagrams at his disposal. He also wishes to acknow- 
ledge his indebtedness to the several manufacturers who 
have favoured him with illustrations ; to the Proceed- 
ings of the American Society of Mechanical Engineers, 
especially for some valuable matter in connection with the 
testing of Indicators by Professors Carpenter and Jacobus ; 
and to the work of Professor Osborne Re3molds, F.R.S., 

» 

and Mr. Brightmore, B. Sc, in the' Proceedings of the 

^» Institution of Civil Engineers. 

^ W.W.F.P. 
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CHAPTER I. 

MEASUREMENT OF POWER WITH THE 

INDICATOR. 

The Indicated Horse Power, or the rate at which an 
engine receives mechanical energy from the driving agent 
(steam, ^as, &c.), is measured by the mechanical energy 
imparted per minute in foot-pounds, divided by 88,000. 
It is only convenient to apply an indicator to engines in 
which the cylinder is rigidly attached to the framing or 
bed plate, and on this account such motors as steam 
turbines and similar engines cannot have their mechanical 
efficiency measured. 

The work done per stroke of L feet by the steam or 
other pressure agent on a piston whose area is A square 
inches is 

2^ A L foot-pounds, 

p being the mean effective pressure per square inch in 
pounds. 

If N is the number of useful strokes* })er miiuite, i.e., 




Fig. 1. 

the number of strokes of the piston when the pressure p 
i^ acting ; then the indicated horse poiuer — 

" 88000 

This applies to any and every cylinder when the engine 
is working approximately uniformly. 

When the driving agent can find its way to both sides 
of the piston, it is necessary to tind the indicated horse 

{)ower for each side separately, and add the results together 
or the total horse power. 

The quantity N in the above expression may be obtained 
by some form of tachometer, or by counting and a stop 

* In a gas or oil engine N will represent the number of explosions 
per minute. 

B 



Watch, iiv by siniie form of cciuutei- as sliowii in a previoiifi 
clmptur. UV' arua of iho piston is best obtained by remov- 
ing' the cvlinilur cover and ijieasiirin;r tliL- diameter iif 
the eyiimlerw-jtlift micrometer ftaiijje. <")iic -if tlie gaiu^'es, 
fill' s*mti)I dill I lie tors, is uhown in yitt- 1, iiiiuK- by the L. 
S. Starrett Couipiuiy, nf Arhul, 
Mass., U.S.A. It veadh tu thou- 
Ak ~ „ sandths of an inch if neceasary. 

jj 1 and is used liku ii micrometer 

\m Li caliper. Another gau^fe by the 

■{ fj j same makers, fur laryo work, is 

^ vM ■ shown in Fig. 2. and a. cylinder 

of any diameter conld be giiii^et! 
by one of these, by simply putting 
on enough lengthening pieees. 
L H Ml It is necessary tu measure the 

'^ *■ diaineterof thecylinderand piston 

rod at a number of positions, and 
\ ^_J '^ takt) ibe mean, as these often wear 

out of truth. 

The length of the stroke can 
" be obtained l»y marking tlie cross- 
£ head guide at the extreme ends 
^ of the stroke. 

The mean etiective pressuvL- 
is obtained from the indicator 
diagram by means of an averager 
as previously described. The ex- 
perimenters will find it convenient 
to record their observations on a 
lilank log form, such as the cva- 
given below, a separate formU.'!]!;.; 
required for each cylinder. 

Ifin the above form the revolu- 
tions per minute are not ix-ad 
direct, but are obtained from 
periodical readings of a counter, 
then the counter reading sboulil 
be inserted in another column am i 
the corresponding number <■!' 
revolutions inserted in the speed 
column. The ditierent indicators in commomise, with one 
exception, wor]c upon the aiime principle, though their 
details exhibit ctinsiduralile variation. 
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The Thompson Indicator. --This instrument is made by 
Messrs ScliiiSfr aud Biideiil)tT<r in two sizes, the larger of 
wliieh is shown in setlioii in Fig. 3. The indicator is 
attached to the cylinder by means of the indicator cock A, 
which |>ennits of the indicator being put on or removed 




wthout stopping' the engine. The indicator cocks, as 
made in this country, are all screwed at B, similar to the 
Whitworth standartl f-in. bolt, 10 threads to the inch, and 
jndicator bosses are correspondingly tapped, so that any 
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instrument may be ased on any en<i^ine. The indicator 
cylinder K is screwed on to the distance ])iece E, which is 
secured to the indicator cock A by the hand nut 1>. The 
lower end of the distance piece E is made to tit into a conical 
socket, and the metal to metal joint is rendered quite ;^^as- 
tight by the great axial pressure produced by the com- 
pound screw in D. The channel C is very carefully bored 
to half the sectional area of the cylinder K, so that with a 
supplementary piston having a longer piston rod, the same 
spring may be used for two diHerent pressures, or in 
internal combustion engines the smaller i)iston may be 
used with a stitf spring so as to avoid as far as i)racticable 
the effects of inertia. 

The piston N is ground to slide in the cylinder K 
without leakage and without any appreciable resistance. 
It is made of gun-metal, and very light. The piston rod 
is screwed into a boss on the top side of the j^iston, and is 
made hollow for about two thirds of its length, its upper 
end sliding freely in a boss on the under side of the 
cylinder cover, which acts as a guide. 

The spiral spring is securely attached to a solid head- 
piece at each end, which are screwed respectively on to 
the piston boss, and the cylinder cover boss. 

The pencil R is situated in the end of the pencil lever 
S, which can rotate about a pin through its right-hand 
end, the mn being secured in tne ui)])er end of the pendu- 
lum link T, which can vibrate about a pin fixed in lugs on 
the loose collar Y. Another lug 0, on the same collar, 
carries the small pillar whose upper end holds the pin X, 
about which the controlling Unk Q rotates. 

It will be noticed that if the right-hand end of S 
move in a horizontal straight line, and the length of Q 
were half the length of S, then we should have Scott- 
Russeirs straight-line motion in which R would move in a 
vertical line behind the centre line of the pillar X. But 
as the lever S is longer for the purpose of multiplying the 
movement of the piston, then Q has to be made corres- 
pondingly shorter to keep R's motion in the same vertical 
line. The motion of the upper end of the link T is 
approximately in a straight line. The lever S is connected 
to the piston rod by the small connecting rod shown in the 
figure, the lower joint being a double ball joint. This 
gives perfect freedom of motion, and allows of any wear 
being taken uj). 

The outer casing G of the indicator cylinder has rigidly 
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tixed to it 11 collar M, which carries the arm W, which su])- 
])oils the j)a})er drum F. A section of this drum is given 
on the left of the figure. It is very light, to avoid inertia 
effects, and is rotated in one direction hv a cord round the 
grooved ])ulley H, motion in the o])])osite direction bemg 
obtained by the coiling u]) of the clock s])ring U. The 
thin j)ai)er drum F slides tightly on the projecting rim of 
the corci ])ulley, its exact position being determined by a 
slot passing over a little screw shown in the upper figure. 
The coiled spring T is attached to the hollow spindle of 
the cord pulley and to the long collar L which can turn 
round the tixed central spindle when not held secure by 
the small thumb nut at its top end. The butterfly nut \ , 
at its lower end, is for the ]nirpose of securing the cord 
guide pulley and arm, but this is better seen in succeeding 
illustrations. 

In this indicator the motion of the ])encil is four times 
that of the piston, the maximum height of diagram 
being ^S in. The pencil is brought into contact with the 
paper on the drum by bringing round the arm (); this can 
also be better seen in later figures. The pa])er is held on 
the drum by the clips T, and great care must be exercised 
to prevent any moisture from drop])ing on the drum, as it 
will act upon the starch of the highly-glazed surface of the 
paper and stick it to the drum, causing iimch inconvenience 
and perhaps delay. The little screws which secure the 
clips should not be touched unless absolutely necessary, as 
they are so short as to be easily dropped and lost; also 
frequent removal will make them loose in their sockets, 
and then the clips will not hold the pa])er tight on the 
drum. The paper must be carefully placed on the drum. 
This may be accomplished by making a right angle bend 
in the paper by creasing one end about a (piarter of an 
inch from the edge. Hitch the bend in the longest clip, 
and bend the paper round the drum, hitching ttie other 
end under the other clip. Hold both ends tightly with 
finger and thumb of one hand, and with the other ease the 
paper on to the drum. In this way the paper will slide 
smoothly over the drum into position. The paper must 
not bulge at all, but fit tightly all over the drum, other- 
wise the pencil gear may be broken l)y tearing the paper 
in the region of a bulge. 

The indicator piston and cylinder should be oiled w^ith 
a pure mineral oil both before and after use, es])ecially 
when used on a gas engine. 
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The pressure of the pencil on the paper is ri\y:nlate<l 
by screwing the little screw stoj) in or out. A lu'uvy dark 
outline to the diagram is not desirahlo, but a clear line 
only dark enough to be plainly visiMe. Tim) dark a line 
means that the pencil presses too heavily on the napor, 
causing too much friction, and consecjuent <listortion of 
the diao^ram. 

With the large Thompson indicator the makers 
recommend a spring so selected that 

number of spring ='37 maximum ))ressure + 0, 
and Avith the small high-speed instrunieiit 

number of spring = 'oo inaxiiinun ))ressur(' + S. 

The springs usually made for the lari^c indicator are 
numbered 8, 10, 12, l(j, 20, 24, :J(), :52, 4('), 4<S, 00, 72, and 
80, while those made for the small iiistruiuent are 12, !(>, 
20, 24, 32, 48, oO, 04, 80, 90, 120, 100, 200, 240. The 
numbers are expressed by some makers in the form ot 
fractions, thus I, -^jj, i\, &:e., instead of <S, 10, 12, \:e., the 
meaning being, of course, that the 1 in. of movement ot 
the pencil represents 8 lb., 10 lb., or 1211). per s(j. in. 

A Reducing^ Gear. — The motion of the circnmferenee 
of the pulley cord H is not more than 7 in., and con- 
secpiently the cord can seldom he attached direct to the 
crosshead, but will require some mechaiiisni to reduce the 
motion of the piston and crosshead down to that of 
the indicator cord. One of these reducin<»" ♦•ears is 
illustrated in Figs. 4 and 5 a very handy mechanism 
by the same makers as the above indicator. The indicator 
is the small high-speed type and carries helow the cord 
guide pulley arm, a second arm shown shaded, (•lam])e(l 
by the same screw. This arm carries the large and small 
cord pulleys. The large pulley receives the cord direct 
from the crosshead, and the little pulley c^ord is 
connected direct to the indicator drum. The ratio of the 
diameters gives the amount of reduction. The small 
pulleys are made in considerable variety for different 
reductions, and can readily be changed to suit the stroke 
of an engine. The large and small pulleys can be quickly 
thrown in and out of gear, for starting or stopping the 
paper drum. This will be found to be exceedingly 
convenient in practice. The large ])ul]ey has also a coiled 
spring on its boss to rotate it during the inward stroke. 
The whole arrangement is neat and compact, and does not 
require any special fixing on the engine. A plan of the 
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reducing ^ear is shown in Fi^. 5. The )>encit mechAuisin 
of the indicator is the most dcilicale part nf the instrmiH>nt. 
it being made verj' light to avoid the inertia cflect*. It 
should not be kept working longer than Ls really uucessarj', 
so as to prevent the joints from near ing, thus prolonging 
the life of the instrument. When cleaning or eltunL;iug a 
spring, all screwed parts shmild be well screwed liome, 
thou^ not too tightly, otherwise it may l>e difficnlt li> 
unscrew them when it may be necessary to do so during 
the time when the indicator is hot. 

Abrasive material such as tiour of emery should never 
be allowed to come near the indicator, as a little grit may 
render the instnmient worttless for careful work. 

The plug J of the indicator cock A should be carefully 
ground m whenever it shows signs of leaking, and this will 
be liot uncommon with internal -com bust ion engines. In 
the plug -i will be noticed a small hole I, there being a 




—Plan of Reducing 



corresponding hole in one side of the cock. This is abso- 
lutely necessary when the cock is attached to a steam engine 
to get rid of the condensed steam, otherwise the indicator 
will register the efl'ec of the inertia^ a certain amount 
of water, as well as the steam pressure, and thus a false 
diagram wiU be the result. The drain hole should be opened 
previous to taking a diagram, and until blue steam comes 
I ETom it, at which time the indicator and connections will 
I be uniformly hot. When the indicator cock is put on an 
engine, near which a number of students or other petiple 
may have to work or pass, care should be exercised to 
arrange the position of this drain hole, so that the con- 
' densed steam from it wn'll not scald anj'one ; or if the 
indicator is placed nciir or ovei' a brake wheel, the 
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condensed steam niiist not be delivered on to the wheol, as it 
would iustautly alter the friction of the brake, and perhaps 
cause much unpleasant oscillation of the brake strap. 
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Cord of too large a diameter shotild not be used, as 
there may not be room for two or more pieces side by side 
on the cord drum, and then one will ride over the other 
iind the motion of the drum will not be proportional to 
that of the piston. 




ihree-wa; Cock for lodlcator Rigging. 



Special cord should always be used, as it stretches very 
slightly. It is very expensive, but is almost indispensable 
for correct diagnuns, especially at high speed. 



CHAPTER II. 

INDICATOR RKiS AND RKDrclNci (iKARS. 

Indicator Rigs. — With slow riiiiiiiii<( engines a siiii^lc 
indicator may be used, eoiniected to both ends of the 
cylinder through a three-way eoek, as shown at M in 
Fig. G. 
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Fii;. S. — Cord Adjuster. 

The handle to the three- way cock has a eoin>le of 
lines cut upon it, indicating the direction which the steam 
is taking through it, and by its use is determined to which 
end of the cylinder any ])articular diagram belongs. A 





Fig. 9. — Method of Rigging up a Pair of Indicators on a Double-acting 

Cylinder. 

section of this cock, as supplied with the Tabor indicator, 
is sh(Avn in Fig. 7. The pipes connecting this cock to 
the cylinder should be of copper, and w^ith easy bends. 
The channels along which steam has to pass must be free 
from obstructions, and large enough to prevent wire- 
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drawing. It is genemlh- more satisfactory to use the 
ordinary indicator cock Q, Fig. 6, as well as the three-way 
cock, as some of these are not i)rovided with water 
escape holes. The indicator cord adjuster, Fig. 8, will be 
useful to anyone who may have to carry the indicator 
about to different engines, or use it nn different sizes of 
the same class of engine. 

With high-speed engines two indicators are necessary, 
as shown in Fig. J), to obtain faithful diagrams. 

A single instrument has been used by some experi- 
menters, but it is now recognised that in general two 
should be used. To prevent the indicator cord of the 
head end indicator foulmg the other instrument, it should 
be set at an angle with the axis of the cylinder, as shown 
in Fig. 10, both cords being attached to the same hook 




Fig. 10. 

Sometimes the indicators are fixed to a short bend screwed 
into the cylinder covers. This secures that the piston 
does not cover uj) the channel to the indicator at the end 
of the stroke. If the engine is of the vertical type, a short 
bend may connect up the indicator and three-way cocks, so 
as to get the indicator vertical, but this is not a ecessity. 

Reducing: Gears may be divided into two classes — (1), 
those which are geometrically perfect, that is, give an exact 
reproduction of the motion of the piston to a smaller scale, 
and (2) those which are approximately correct. 

The jpentagraph arrangement shown in Fig. G is one 

of the former group. It consists of a series of parallel 

rods pinned together, with one intermediate point K 

fixed ; then the motion of N is a duplicate of that of R, 

but to a smaller scale.* That this should be so we nuist 

have 

UK 

.- -_v a constant. 

K iS 

Or, referring to Fig. 112, 

OQ 

QX 



must be constant. 



It must be noted that O R P and P M X are ^ce, 
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Now R P M Q is always a i)arallel<)^^raia. lu'caiist* its 
opposite sides are always parallel; therefore l*I{<) is 
always parallel to M Q, and 1* M X always parallel to II Q. 
Therefore the triangles R Q and Q M X arc always 
similar, and consequently 

OQ OR 

jY^ = .vXi=»^ constant. 

Hence the point X moves in the saiiu^ soit of jwitli as <). 

Similarly, if the fixed point is situate(l at 1, then the 
path of J will be a duplicate of that of (), to a smaller 
scale ; or if J is a fixed point then the j)ath of I will be 
similar to that of 0. The same conditions will l»e fulfilled 
if the rod M Q were removed to X H, and the rod K Q 
prolonged to H ; in fact, the same will hold wherever il Q 
is, as long as it is parallel to P R ( ). It will be noticed that 
the fixed point and the movin<^^ point and its duplicate are 
iilways in a straight line. 




Fig. 11. 

If it is desired to alter the rates Q to Q X, it will be 
advisable in general to shift the point along R P until 
the required ratio is secured, and then select the point K 
in R Q, such that it is in the straight line N X. Any 
desired ratio may be obtained in this way. 
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An illustration of the peutajfraiih rcduciiijf gear, as 
applied to an Americiiu passenger locomotive', is given in 




Fig, 12. The i-ods, in this instance, were made of 1 in. 
by J in. iron with the joints enlarged to ^ in. thickness. 

On account of the vibmtiou caused by the running of 
the locomotive, and also on account of the want of stiftuess 
of the reducing gear, together with the high speed of reci- 
procation, it tended to swing sideways, es^iecially at high 
speed, and was rejilaced in tliis iiailicular instance by the 
gear shown in hig. l:f. It .should have been made of 
stifier rods, with lai-ger bearing surfaces; hut even then 
the gear as used would he likely to be unstivble. Here 
there is a pendulum rod 2J in. by {. in., with a pair of slots 
A and B in which work a pair oi corresponding pins, <.ine 
fixed to the crosshead and the other to the sliaing rod C. 
The pendulum rod is centred at F to a bracket attached 
rigidly to the running board and to the top motion bar. A 
guide bracket for the rod C is also fixed to this vertical 
bracket. 

The reducing gear is perfect so long as there is no 
stack between the pins and the sides of the slots. 

It will be noticed on referring to Fig. 13 that the 
drum cord is very short and driven bj a small collar on 
the sliding rod C. A detail of this is given in Fig. 14. 

The collar has a short arm cast upon it wliich is 
triangular in section and has also cut in it a narrow slot to 
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hold the drum cord. The latter has fixed upon it in the 
required position a small block of wood. When it is desired 
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Fig. 14.— End view 
of Reducing Gear. 



Fig. 18. -Indicator rigged up on American. 

Locomotive. 

to Start the paper drum the end of the 
cord is .pulled by hand until the wood 
block is on the left of the slotted arm 
and the cord is in the slot. If the 
cord is now released the Avood block 
will bear upon the slotted arm and the 
drum will be reciprocated. 

To stop the drum the cord is i)ulled 
by its loose end and slip])ed out of the 
slot latterallv. It will be found con- 
venient to make the end of the cord 
iast to some fixed point, so that the end 
can be picked up easily. 




Fig. 15.— Method of Attaching Cord to Reducing Gear, 
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The reducing ♦^[Oiir sliowii in Fi<^. 9 is alsi) a perfect 
one if tlu^ in<li(att>r ror<ls an» not sliort. The rod AC B 
oscillates uluMit a {>in <' in the hraeket F, which is itself 
tixe<l to the enjjfine frame. The lower en<l of the oscillating 
arm et»ntains a ]>in, which sli<les in the slotted plate 
D attached to the crosshead hv a ci>nple of set screws. 
The sh)tted i»lat(^ nnist he juK-ked away from the crosshead, 
so that the pin \^ cannot disen<,^a<i:o itself through any side 
motion of the arm. An arrangement for easily hooking on 
the indicator cord at high s])eed is shown in the same 
tigure. A })iece of steel wire is lyout as shown, one end 
being secured in the end of the arm, and the other bent 
into and turning loosely in the fixed ])in C The hook can 
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be hooked on to the pin end of the steel wire, where' the 
motion is inappreciable, and then slid up the wire until it 
settles in the loop E. The hook can be easily disengaged 
by simply taking hold of the cord with one hand and 
pulling it towards the left, so as to pull out the drum. 
The hook should then drop out of contact with the 
oscillating arm. 

The bent-wire arrangement was used by Mr. Willans in 
the manner shown in Fior. 16. for drivin^^ the indicator 
drum when indicating his central valve engines. The 
eccentric M is attached to the shaft, so that its centre line 
coincides with that of the crank. The eccentric strap 
contains a lug K, to which is pinned the rod Z K, oscillating 
about a fixed pin Z. 

The bent wire contains a couple of loops Y and W, the 
latter being the position of the cord hook when driving the 
indicator, and the latter when the drum was at rest. 



REDUCING GEARS. 



17 



Another arrangement oi reducing gear due to Prof. 
E. H. Smith is shown in Fig. 17. The stroke of the guide 
block C is S. Two links, B G and G C, are pinned together 
at G, and coupled to a lixed point at B, and the guide 
block at C. The point G will always move half as far 
horizontally as C, because the perpendicular let fall on 
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FiG. 17. 

B C bisects it. Any point A in B G will have a motion , 
which is the fraction 

BA 

BG 

of that of G, hence the horizontal motion of A equals 

2 B G ^ ' 

and this being constant the gear is a perfect one, so long 
as the cord is not short. 

Fig. 18 shows a modification of the above gear, with 
the arm B G, Fig. 117, prolonged to J, Fig. 18. In this 
case the horizontal motion of J is 
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X S. 



Another perfect reducing gear is shown in Fig. 19. A 
pair of light loose pulleys are connected by a cord or fine 
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wire. They are supported on pins fixed into brackets 
attached to the guide bar supports. One of these is 
arranged for tighting up the cord as shown at Y. The 
cord is made to partake of the motion of the piston, by a 
lug or setscrew X. On the sleeve on the pin of the left 



L . 




Fig. 18. 



pulley is placed a small cord pulley which contains a* pin 
htting into the boss of the large pulley, compelling them to 
move together. The indicator cord is wound round the 
small pulley. 




e 




Fig. 19. 



A simple reducing gear, which is nearly perfect, is 
given in Fig. 20. To the crosshead or slipper block is 
fixed the pin Y, and the link Y Y connects tne crosshead 
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Fig. 20, 
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Fig. 21. — A handy Reducing Gear in which the length of cord can be 

easily and quickly adjusted. 
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to an oscillating arm. To some convenient point in the 
latter the indicator cord is attached. If the arc Z V 
reaches as much above the centre line of motion of the 
pin Y as it does below it, and the link Y V is not too short, 
the motion of the drum is almost an exact duplicate of 
that of the piston, to a smaller scale. This gear is shown 
fitted to a small vertical engine in Fig. 21. A paii* of 
indicators are used, and the dotted lines represent the 
indicator cords. The guide pulley Y is shown to a large 
scale on the risfht of the dia«fram, where it is labelled R. 
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Fig. 22. 



Its spindle is adjustable in two directions, which is 
extremely convenient, being secured on the pillar Q by 
the setscrew P. The foot F of the pillar may be secured 
by the cylinder cover nuts. This arrangement will be 
found convenient for adjusting the length of the cord. 
The bent wire Z W is shown on the side of the oscillating 
arm, and the author has found it an extremely handy 
device. 

Of the remaining gears, that shown on the left of Fig. 
22 is the most inaccurate. That in Fig. 23 is seldom used, 
though it may sometimes be found convenient if the cord 
is long, when it is almost exactly perfect for reducing 
motion. It has been used by Professor Thurston. 

The author is of an opinion that if the reducing gear is 
reasonably designed, the distorting effect o ' nean pres- 
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sure is inappreciable. He has drawn to scale in Fig. 24 the 
true diagram and the correspondinji^ diagram as distorted by 
the reducing gear in Fig. 22, which is about the most inac- 
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curate, and he found that the mean effective pressure of 
the' true diagram was exactly the same as that of the dis- 
torted diagram. The reducing gear in this case was quite 




Fig. 24.— Dotted line gives distorted diagram. 

as inaccurate as any used in practice, the angle of oscilla- 

.tion E BT on each side of the centre line being about 20 

deg. The distorted diagram was 5 per cent shorter than 
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the true diagram, the 
the ends of the stroke 
aiid theu over alioiit 
20 per cent of it. 
This distortion 
would ati'ect the ratio 
of expansion as 
measured on the dia- 
jjram, but as the point 
of cut-off IS often far 
from eouspieuous, the 
error iutrodueed 
would be small. 

Probably any re- 
ducing gear described 
above properly de- 
signed would not dis- 
tort the diagram, so 
much that the error 
in the mean effective 
pressure would be 
greater than the pro- 
bable error comm<m 
to the measurement 
of the diagram. 
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The 'I'abor Indicator. 
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OTHER IX DICTATORS. 



The Tabor Indicator, shown in perspective in Fig. 25, 
and iu section Fig. 26, has a pencil mechanism precisely the 
same in principle as the Thompson indicator, previously 
described. The controlling link of the latter gear is 
replaced in the Tabor instrument by a curved slot, in 
which runs a small roller, the roller turning freely on a , 
I pin fixed in the pencil arm. This reduces the weight ot 
F the moving parts slightly, and, consequently, the oscillation 



at high apceds, bnt tho ditt'ereuce ia hardly apprecuilile. 
The coustnietioD is suiuewluit: similar to tho iiistrunieut 
previously dpserilied, the chief dift'erence Imiiig the donhle 
, helicitl spiml spriug instead of the single Bpriiig. The 




Fif.. -2^. — Section ol the Tabor Indicator. 

movement i>t' the pencil ia live times that of the piston, 
thus enabling a taller diaj^ram to be drawn. 

The piston rod terminates in a ball and aocket joint, to 
eliminate the possibility of the piston rod <:[findin,tj in the 



cylinder cover, when excessive friction irould cause a 
zigzag outline to the diagram. The piston rod is made 
hollow for part of its length for the sake of lightness. 
The piston is also made very light and is 'grooved on its 
outer surface. These grooves liecome filled with condensed 
steam, and thus in a measure act the parts of packing and 
lubricant. Thei-e is also a stop inside the cylinder to 
prevent too great a compression of the spring, thus 
protecting it froih destruction if put into unskilled hands. 




JTiG. 27.— Special Raducinpt Gear Attachment to the Tabor Indicator. 

Messrs. Hartley and Co., of Manchester, who sell this 
instrument in this coimtry, keep the following springs in 
stock : — lO^ 

S, 10, 12, 16, 20, 24, 30, 32, 40, 48, 50, 60, 64, 80,100, 
120, 150, 200. 

These numbers represent the number of pounds pressure 
per square inch required to make the pencil move 1 in, 

A spring is best selected according to the following 
rule : — 

Scale of spring = Maximimi pressure in cylinder by gauge 
' ^-1 — '^'^ol^'tious per minute 




TABOll IXDR'ATUR. 2.-) 

If the scale so foiuid should c^rnie between two given 
above, talte the higher of the two. 

It will also be loimd advautajjeoiis to reduce the stroke 
of the paper drum ivith au increase in speed, and the 
proper length of diagram with this instrument, can be 
found by the formula 

(1000 - revolutions per miD.)^= 160,000 (I --o) 
where I = length of diagram in inches. 

A reducing gear which has veceuti}- been anim^ed for 
some of these instruments is shown in I'l^'. 27. It is 
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amply a species of spiral wheels in gear, and a 
' separate cord pulley with coiled spring. This is said to 
give good results, but the writer has not used it. 

Aiother attachment to the same instrument is an 
arrangement of electro-magnets for turning the pencil 
against the paper. It is s'hown in Fig. 28. A pair of 
electro-magnets are fixed to the cylinder casing. An 
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armatiire tlsed to the swivellinjf collar carrymg the pencil 
inechaniam is attracted by the magnets when current is 
switched on. With this arrangement, any number of 
diagrams can be taken simultaneously on different cylinders 
by one person. 

The Crosby Indicator is much used in this country and 
has a deservedly high reputation. An elevation of the 
instnunent is shown in Fig. 29 and a section in Fig. 30. 
The pencil mechanism is extremely light, and consequently 
the ert'eet of inertia is very small. Witli the exception of the 
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controlling link, it is the same as in the indicators just 
described. The pitstou is of steel, and very Ught, The 
piston rod is hollow and is screwed tightly into a split 
boss on the piston. Into the hollow rod is screwed the 
shank of the knuckle joint 12 (Fig. 30). The spring is a 
double helix, threaded into a head-piece and fixed to it, 
the latter being screwed on to a linss <m the cylinder cover. 



CROSBY INDU'ATOK. 27 

The lower end of the spring has threaded upon and tixed to 
it a spherical steel beaa, upon which all the piston pressure 
comes. The bead bears upon the end of tne piston rod, 
and is held in position by the little set-screw 9. The 
straight piece on which the bead is threaded fits into a 
pair of slots in the piston boss. 

Great care must be exercised in changing springs. To 
remove an existing spring unscrew the cylinder cover 2, 
and after removing the piston, &c., from the cylinder, 
unscrew the spring from the cylinder head. It will be 
found that before the spring can be entirely removed 
from the cylinder head the inner piston rod must be 
unscrewed by continuing to turn the piston and spring. 

Next slacK back (but not remove) the set-screw 9 in the 
under side of the piston, and then insert the hollow piston 
rod into the small box-spanner which accompanies each 
instrument, and unscrew the piston from the rod. The 
spring can then be removed and another one put in its 
place ; this is done by reversing the order of the opera- 
tions above described. Then insert the head into the piston 
boss, and screw home the piston rod. Next tighten up the 
set-screw 9. This last operation must never precede that 
of screwing home the rod, or there is every probability of 
the piston being attached to the spring with its axis 
slightly out of truth, causing undue friction and a diagram 
which does not represent the action of the steam in the 
cylinder. The inner piston rod is next entered in 
the hollow rod. The spring head-piece can be 
screwed on the cover boss at once, or the inner piston 
rod can be entered some distance first, depending 
upon the i-ange of pressures for which the instrument 
is about to be used. If the spring is screwed home 
just after the piston rod has been entered, then the 
atmospheric line will be near the top of the drum, as shown 
in Fig. 30, but if the inner rod is screwed some distance 
m, before the cover boss enters the spring head piece, 
then the atmospheric line will be low down, as shown in 
Fig. 29. The former is for the low-pressure cylinder of a 
compound engine, and the latter for high-pressure cylin- 
ders. The pencil moves vertically, through six times the 
stroke of the piston. The pencil is of brass, and makes a 
tine line on the paper, but it often becomes polished by 
rubbing against tlie surface of the paper, and then the out- 
line of the diagram is almost indiscernible. The point 
may then be carefully cleaned with a small bit of not too 
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fine emery cloth,* but this should only lie done by an 
experienced persoD, as the point may easily be rounded ofl 
and rendered useless. The drum, which is partlj' in 
section in Fig, 30, is controlled by a helical spring, the 
tension of which can be regulated by lifting tlie milled 
nut, at the head of the spring, and tiirniut; it until the 
desired tension is acquired, and then replace it on the 
square shank of the dnun spindle 2ls. 




Fk!. 3G,— Tlia Crosby Indicator. 

A Hmall hole is shown under the arm 1 to drain away 
any leakage from the top of the piston. 

The late Mr. "Willans was unstinting in his praise of 
this beautiful instrument, and it certainly does give 
diagrams at high speeds with very little oscillation. 

The piston being of steel necessitates scrupulous 
cleaning after use, or the instrument may be spoiled by 
the rusting of the piston. 
* A Bmooth cut Hie will do ai 
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Altogether this mdicator should only l>e used hy 
■■jBxperienced persons, aud should never he placed in the 
M}inDds of junior students. 

7be Simplex Indicator is the work of Messrs. Elliott 
KiBrothera,of St. Martin's Ijine, W.C, and diffurs frona those 




Fiu. 31.— The simplex Indicator. 



I previously described, in having the spring altogether out- 

( iBide of the cylinder. It is of the sugar-tongs shape, and 

3 cylindrical ends slide transversely into corresponding 
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sockets, one of which is at the end uF the piston rod, aud 
the other in the frame of tho instrument. A perspective 

elevation of the complete instrument is shown in Fig. 31, 
and another ot the piston, pencil gear, swivel frame, iind 
spring in Fig, 32. 

The paper drum is very similar to those of other 
indicators, and has a few ratcnet teeth just above the cord 
pulley, into which a small detent can \ie engaged at will 
by pushing over the little projecting head on the side of 
the cylinder. This allows ot the drum being stopped 
without detaching the cord, but such is only used in cases 
where the detaching of the cord from the reducing gear 
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may be somewhat difficult. The pencil gLiiU- is of the 
pentagraph type, and has been used for soiue time in 
America on the " Perfection. " indicator. It is very com- 
pact, and works well, but when cleaning the instrument 
care should be taken that the links do not become 
displaced to such a position that the piston rod becomes 
jammed. In case this happens, take hold of the topmost 
joint. Fig. :12, and pull it lightly towards tho loft. This 
win ivtiirii rbc i,'ear to the working position. 
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There need be uo fear of damagiug a li}j;lit sprinff by 
exceaaive pressure, as the end of the piston rod comes 
against the top of the frame and is prevented from moving 
further. The convenience of this will lie appreciated in 
obtaining the diagram "f the suction stroke in an internal 
combustion engine. 

There is a small groove in the end of the top liinb of 
the apring, into which tits a small peg to prevent the 
spring from shaking out of ita aoekets. It would be better 
to rigidly fix the ends of the spring into their respective 
sockets, as a small amount of wear will cause looseness in 
the sockets and result in a certain amount of back-lash. 

The author has used one of the larger sizes of this 
indicator and found it very convenient for gas engine 
work. The distance of the spring from the steam or gas, 
as the case may be, allows it ti> remain at the temperature 
of the atmosphere, and therefore there is uo corresponding 
correction to be made on that score ; while the spring can 
be changed without removing; any part of the apparatus 
and without the least difficulty. 

The swivel frame can only be replaced in one position, 
when a small dowel pin tits into a corresponding hole in 
the frame. It is held secure by the milled nut near the 
top of the frame. The tension of the drum spring can be 
easily adjusted by means of the milled head at ita case. 

Type A (lar^e size) gives diagrams 3 in. high, and 
abont 5 in. long for use up to 250 revolutions per minute, 
while t3Tie B gives diagrams IJ in. in height for use up to 
■500 revolutions per raimito. The following are the 
instructions supplied with each instrument : — 

SIMPLEX INDICATOR INSTRUCTIONS. 

Spring. — To fit the spring in position, raise the lever 
arm until the grooved channels are in such a position as 
will admit of the ends of the spring freely jmssing in, 
observing that the notched end should be uppermost, the 
notch engaging a apring pin to prevent the possibility of 
the spring slipping tjut sidewa.ys. 

Pencil. — Either a lead or wire pencil can be used. The 
carrier for the lead being tapped, it makes ita own thread 
on the lead as it is screwed in ; and screwed fittings are 
also supplied with the metaJ points, thus in each case 
allowing of fine adjustment on the paper. 

Paper Drum. — The paper drumjs easily removable by 
simply pulling it {iff its fittrnff. 
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The spriug ciintroUing the motion of the paper drum 
can be varied in torsion by changing the position of the 
milled head at bottom of dnim stage ; small holes mil be 
found in the top uf spring box for hibrieatiug purposes. 

Cleaning. — Remove the pressure spring, unscrew the 
broad milled ring, and the piston mth the lever motion can . 
be removed bodily. 

In replacing, the steel sleeve connection of piston rod 
must not liii wiri'w.iil iimiio I 'v iiboiit lialf a turn, its correct 




Fig. 33.— The Wayno Indicator, 



position ia determined by the steady pin engaging in the 
hole in the top Hange. The broad milled ring will then 
securely fix all in position. 
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The Springs used with both iusCrunieuts are 10, 15, 20, 
25, 30, 35, 40, 45, 50. 55, 60, 70, 80. 90, and 100. With 

the large indicator a spring nuiy be selected as follows; 

From 90 lb. per sq. in. upwards : 

,. , - . maximum pressure 
iNumberot spring = — „-c 

From 75 lb. per sq. in. downwards : 

-jx , r . maximum pressure , . 
JNumber oi spring = ~ [-a. 



With the small instrument, and from 4. 
upwards, the 



lb. per s(\. in. 
pressure. 



Number of spring = 

And below 40 lb, per sq. in. : 

Number of spring — --maximum pre8sure+12. 

The Wayne Indicator is also manufactured by Messrs. 
Elliott Brothers, and is altogether novel in its design. It 
is shown in perspective in ¥i^. 33. The motion of the 
indicator piston is rotary instead of linear, and the diagram is 




nwn upon a card clamped to a concave aluminium frame, 
me curvature is that of a circular arc. This frame ia 
tde to reciprocate in the direction of the length of the 

iftgram by a cord and return spring, while it slides in a 
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bed attached to the body of the instrument. The pencil 
is a small soft brass or hard lead wire supported inside a 
hollow rod attached to the piston, and pressed lightly 
against the paper by a wealc spiral spring. In the 
figure it is snown drawing the atmospheric line. 
The indicator cock, which is of the common type, supports 
the indicator in the usual way. The body of the indicator 
is shown diagrammatically in section in Fig. 34. The 
piston P is a couple of wings, solid, with a hollow piston 
rod about the axis of which it rotates. Steam or gas enters 
the indicator through the two channels in the direction of 
the arrows, and tills the space between the piston wings and 
the abutments shown cross-hatched in the figure. These 
latter are rigidly attached to the body of the instrument, 
and therefore remain stationary, but tne pressure of steam 
on the piston wings turns them round tho piston rod axis. 
Any steam that may leak past the piston finds an easy exit 
into the atmosphere through the small holes in the end of 
the cylinder. 

A front elevation of the piston and rod is shown 
in Fig. 35. The spring is shown in position by the 
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Fig, 35. — Piston and Rod of the Wayne Indicator. 

dotted lines. The solid head D (see also Fig. 36) on 
the end of the spring contains a couple of holes 
which slide without slack, but quite freely over the two 
hardened steel pins C C, secured in the body of the 
indicator. The spring S is slid over the piston rod P, 
which turns easily in the head piece holding the pins C, 
and the cross piece B of wire joining the two coils of the 
spring fits into the V groove at the end of the piston rod 
P. The hollow nut A, having been previously screwed 
over the piston rod P, with the straight slot coinciding 
with the groove in P, is now screwed as much further as it 
will go, when the spiral grooves in A will jam the spring 
end well down into the V groove, holding it secure. The 
slight contraction in the length of the spring as it is 
twisted is permitted by the head-piece D sliding along the 
pins C. 
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The piston is perfectly balanced. It is made of steel, 
and should, therefore, be very carefully wiped after use to 
prevent rusting. 

The pencil mechanism is the simplest possible, and such 
as to avoid inertia effects on the diagram. This indicator 
was selected by Professor Burstull for his researches in 

fis engine economy for the Institution of Mechanical 
ngineers. In the place of paper he used sheets of smoked 
mica, and the tracing point st;ra.ped away the soot, making 
a clear, sharp line. After fixing, this could be used for 
photographic purposes. The makers supply a . special 
black paper, when necessary, and a special steel point to 
the pencil, which does not require any sharpening. 

The makers recommend a thin clean mineral oil as 
lubricant, such as gas engine cylinder oil. The follow- 
ing are a few points to be observed in using the instru- 
ment. 

Adjust pressure of tracer on paper, which can be done 
by the screw nut at the bottom of cone ; if the point is 
just clear of the paper before bringing the slide forward, it 
will be right ; before putting in the paper bring the paper 
slide to its forward position, then press the tracing pomt 
out to the bottom of the recess in tne fixed curved guide. 
The point should be in the centre of this recess ; if it 
comes on one edge it may tear the paper. 

If necessary, adjust pressure with the screwed nuf ; this 
nut must not be loose. 

The centre wire passes through a small tube or sleeve ; 
the end of the tube is sprung, and should clip the wire 
tight enough to prevent it slipping, and is intended for 
a coarse adjustment of the point. This tube plunges 
freely through the nut, and is held forward by the light 
spiral spring. The nut is screwed into the large end of 
the taper tube ; by screwing this nut in or out gives a fine 
adjustment to the point. The wire must not be bent. 
Before taking a diagram, see that the wire and its tube 
fittings are free. The wire can be withdrawn tor sharpening. 
All these parts must be quite clean, as dirt will prevent 
the plimging movement, and tear the paper. The wire 
and nut may be taken out, and all the parts cleaned in a 
pot of paraffin. 

To place the paper in position, take the paper by the 
lower corners with each hand, keeping the paper taut, and 
pass it down the spring clips and parallel with the slide ; 
if working at high speeds, give a little nibbing presaiire c- 
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the curved springs, which will press the paper in the recess, 
and make it impossible to slip. 

When using the white pnper, the 
brass point soon gets polished, and 
increase of pressure will not make it 
mark ; the point should be sharpened 
and the polished surface taken off. 

If steel wire has been used iu the 
tracer this shovild be cleaned and 
, dried. 

Always use the hard steel point 
^ 1^ for black paper, which gives a very 

B JJ -^ tine line. 

HhB When placing the spring in the 

l^im instrument, lirst see that the cross 

1*111 slut on the cap A (F'lf^. 36) corres- 

* — J^ ponds with the V slot m the piston 

rod 1' ; then place the cross wire B, 
of the spring S, in the slot, and turn 
the piston rod to bring the holes in 
the spring plate D to the two steel 
studs C (the spring plate D should 
slide on these studs freely, but with- 
out shake) ; then press the spring 
on, and turn the cap A on the piston 
rod ; the spiral grooves will then 
press the cross wire of the spring in 
the V slot (the handle of the screw- 
driver is aiTanged for turning this 
FiQ. ao. cap). 

Wien using the strong springs 
see that the cap is not screwed too far on the piston tod 
P, or the cross-wire will fit the V before the spiral grooves 
can engage the wire ; and when fine springs are used, 
unless the cap is screwed on far enough, the cross wire 
may come to the end of the spiral grooves instead of being 
pressed down in the V ; the tapped end of the cap A should 
lie kept sprung in so that it will fit the piston rod tightly, 
but evenly. 

For very high speeds special springs should be used. 

When ready to take a diagram bring the paper slide to 

its forward position. Care must be taken that the proper 

torsion is given to the drum spring for high speeds by 

turning the milled nut at the bottom of the drum spindle. 

Messrs. Elliott make a. special lining attachment by 
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which an accurate diagram may be taken at any speed. 
It is shown in Fig. 37. Fitted to the crown of the cyhnder 
is a worm, which can be turned by the small handle shown 
in the tigure. A peg piercing the piston rod is moved 
through a small angle fay turning the worm, at the same 
time it has a certain amount of backlash, so that the pencil 
can move through a small angle when the worm is station- 
ary. While steam is turned on to the indicator and the 
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Diagram is being taken, the small handle is turned and the 

jencil will trace out the horizontal lines, together with small 

jortions of the diagram outline during everj' revolution, 

[n this way the diagram is built up step by step, and 

f-without any trace of irregularities due to inertia. This 

I'lining arrangement can be detached, or replaced in a few 
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seconds, and has been used successfully up to 1,000 revolu- 
tions per minute. 

The springs used with this indicator range from 5 lb. to 
100 lb. for each inch of height by differences of 5. The 
following are also made : 6, 8, 12, 16, 24, 36, 46, 56, 66, 76, 
86, and 96. 

- In selecting a spring the makers recommend above 
number 30, 

XT 1. r • maximum pressure 
JNumber oi sprmg = —^ 

^ o 

below 30 

XT 1 r • maximum pressure , ^ 
iN umber oi spring = —-^ + 5. 

Little's Integrating: Indicator. — This instrument is the 
invention of Messrs. W. G. and C. W. Little, of Bexley, 




Fig. 38.— Load Constant, Tbrottlinsj Governor, 

in Kent, and is manufactured by the former. It records 
the work done on the piston of an engine during any 
required interval of time, and this obviates the necessity 
of takinor a number of diagrams so as to obtain a fair 




Fig. 39.— Load Variable, Throttling Governor. 

average over the given interval. Some idea of the possible 
variation in the work done during consecutive strokes may 
be gathered from the following : — 

Fig. 38 is a diagram taken from an engine running at 
353 revolutions per minute under a constant load, applied 
hy means of a rope brake, the speed being regulated by a 
throttling g-overnor. 
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Fie;. 39 shows the variation of work done under a 
variable load, the diagram being taken from the same 
engine. 

Fig. 40 shows a card taken from a Corliss engine. 

It is at once evident that a few diagrams taken 

periodically cannot give so true an average result as an 

iastrument which records the work done during every 

.stroke over the same interval of time. But it will be 




40.— Load Variable (Corliaa Eogine). 



shown that the results obtained by the two dissimilar 
instruments are themselves not very dissimilar, which 
indicates that whatever may be the faults of the continuous 
indicator, it is not much less accurate than the older form 
of instrument. 

Comparison with Crosby Indicator. — At various times 
this indicator has been compared with a Crosby instrument, 
fixed with it on the same end of the cylinder, with the 
following results. 
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Theory of Integrating Indicator. — To better understand 
the workiujf of the iustrunient, it may be as well to state at 
the outset that it is a planimeter and steam engine indicatLir 
combined. In the tneory ot" planimeters given on pafje 
2S of the author's work on " Engine and Boiler Testina:," 
it is shown that if a rod has attached to it a roller 
wheel vdth its axis parallel to the rod, and if one end of the 
rod he constrained to move alone any line, while the other 
end be made to trace round the outline of any closed 
figure, the area of that figure was recorded by the amount 
of roll of the wheel multiplied by the length of the arm. 
Further, that this was tme whatever be the fixed position 
of the wheel along the rod. 

Let the wheel be situated at the end N of the rod P N 
which shdea along the line N U, Fig, 41, then the area of 




the diagram will be j,nven by the roll of the wheel miilti- 
phed by the length t'N, if the end 1' be made to trace 
once round the outline of the diagram. 

Consider any smali piece FT of the outline. The 
motion of the planimeter rod can be resolved into one 
of rotation about N into the position N R and then 
one of translation from N E, to S T. When the piece P T 
ia indefinitely small, then 1' R T coincides with it. The 
motion of translation is simply the motion of the point of 
eoutact of wheel and paper relative to the paper ; and it 
may be produced by the paper remaining stationary and 
the wheel moving over it ; or by the rod N R remaining 
stationary, and the paper moving parallel to N U from 
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right to left. This latter is what actually does take place, the 
paper being replaced by a smooth brass cylindrical surface, 
■which is made to turn upon its axis. The motion of rota- 
tion of P N is brouf^ht abiDut by the point P beinL' compelled 
to move through the vertical height H, while the constant 
length of P N compels P to move in a circular arc round N. 
The mechanism which moves P through the vertical height 
H, which must be proportional to so much pressure, ia 
the forked erosshead shown at the right of Fig. 41, it being 
situated at the end of the indicator pi.'^tun rod, whose 
vertical motion represents pressure. Furthermore, both of 
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f these operations ^'u on sinjultaneously, and the result, as 
■'measured by the rotation of the wheel, is exactly the same 
■ftfl if the point P really traced round the diagram, and 
IPBT coincided with P'T. 

Description of Integrating Indicator. — The indicator 
as made is shown in Fig. 42. 



42 little's integrating indicator. 

The steam cylinder A is of the ordinary Crosby type, 
and contains a similar piston and spring. The piston-rod 
end is encircled bv a split sleeve K, which is itself the 
lower end of the fork, shown in this and the preceding 
figure. The fork, which is hardened, gives motion to the 
little pin situated in the end of the arm D, which is itself 
secured on the spindle C. This spindle C is supported at its 
extremities by the vertical arms of the carriage B which can 
be turned round the steam cylinder in exactly the same way 
as the pencil gear of the ordinary indicator. The spindle C 
carries the spindle of the rolling wheel E, together with the 
recording wheel F. This latter consists of a pair of wheels 
on the same axis having respectively 100 and 99 teeth, both 
of which wheels engage with a worm on the spindle of the 
rolling wheel E, and consequently 100 turns of the wheel E 
will be registered by the differential motion of the counting 
wheels as 1, and hence a great number of revolutions of 
the wheel E may thus be counted approximately. The 
rolling wheel E is pressed against the surface of the recipro- 
cating drum L by the light flat spring I at its left-hand 
extremity, and the constancy of this pressure is necessary 
for the accurate recording of the work done. 

The annulus L is made of hard brass, and can be slid 
parallel to the axis of the drum if any portion of the 
surface should become damaged, so that the rolling wheel 
E shall bear upon a good smooth surface. The drum is 
made to reciprocate in the usual manner by a cord round 
the cord pulley K. 

The carriage B, which supports the spindle C, is 
secured in its proper position by the thumb-screw G. 

Comparing this figure with Fig. 41, it will be seen that 
the axis of the rolling wheel E coincides with the axis 
N P (Fig. 41), but instead of the forked crosshead con- 
trolling the end of the spindle of E (Fig. 42) it controls 
the end of a parallel arm D, rigidly attached to the axis of E 
by means of the spindle C, the two results being identical. 

A device is shown at M for accurately measuring the 
stroke of the drum while in motion, and which, by means 
of a vernier, can be read to '005 in. It consists of a centre 

Siece and a pair of graduated rings, all concentric with the 
rum 0. A projeccion on the drum can come in contact 
with similar projections on the concentric rings, and if 
these latter are lightly turned by hand until they come 
against the stop on the drum, the distance between them 
represents the motion of the drum. 
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Tt is found by experiment that any slip due to the 
friction of the roller on the drum during the forward stroke 
IB compensated by an equal slip during the liackward or 
return stroke. 

Rigging up the Indicator.— The instrument is screwed 
to the cylinder cock by means of the union, and the knot 
oh the end of the cord is inserted into the ^ap in the 
lower edge of the drum ; the stop T must then be screwed 
out, taking care, as above directed, to hold the cord tightly 
to prevent the drum recoilinjf when the stop is released. 
Having allowed the tooth on the under edge of the drum 
to pass the stop, it is again screwed in to hold the drum in 
the working position until the cord is attached to the 
actuating lever of the engine. 

The length of the cord should be so arranged that the 
vernier does not come beneath the drum carriage on either 
aide, and if the drum should then touch the stop T it can 
be removed. The cord, whieb must not overlap, can now 
he hooked on, and the stroke v( the driun noted. If a low- 
speed instrument is used, and which is suitable up to 200 
; revolutions per minute, it is better to make the stroke less 
I than 2 in. at 200 revolutions, say about IJ in. At 100 
[ revolutions 2 in. may be used, and at lower speeds more in 
I proportion up to 3 in , or even more if it is desired to 
f obtain a larger reading in a shorter time. 

When all is ready to commence the indication, turn on 

['_the steam cock after blowing ofi' the condensed water, and'i^ 

I '\i^ means of the rocker N allow the wheel to run in coota 

f'^th the drum for five minutes to prepare the surface, them 

f take it off again and set the dial to zero. As the time of* 

I the run must be noted, it i& necessary to do this at the 

' instant of pulling forward the rocker when the integrating 

ear is set in motion by so dtiing. It is must convenient 

a do this by means of a stop watch, which can be started 

t the same instant that the rocker is pulled over. Another 

Biethod of starting is to pull over the rocker with the dial 

^t in such a position that it will read towards zero, and 

frhen this point is reached {i.e., when the small hand fixed 

' 3 the shaft points to zero) start the watch. To stop the 

astrument at the end of the reading, the steam cock must 

, e shut off and the time noted. It is, of course, most 

jonvenient for purposes of calculation to shut ofi the steam 

'A the end of a certain minute (i.e., to run for a certain 

Slumber of minutes). The indicator cannot be stopped by 

means of the ruekur, as the contact with the drum causes it 
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to spin round when it is taken oflf, thus destroying the 
accuracy of the reading. 

If indications are .to be taken from both ends of the 
cylinder, the reversing cock, which is generally supplied 
with small engines, may be turned over at the end of a 
given number of mmutes and the reading noted at that 
instant. The next reading at the other end of the cylinder 
will, of course, commence from this point. The dial is 
numbered so that it may be read working in either direc- 
tion, the red figures are read to the right, and the black to 
the left, of zero. The dial is constructed to record 10,000 
revolutions of the intergrading wheel. There are two 
pointers, one on the shaft indicating the units and tens of 
revolutions of the wheel, and the other on the counter 
itself, indicating hundreds of revolutions of the wheel — 
that is, when the dial has made one complete turn the long 
pointer on the counter will record one division or one 
revolution of the counter {I.e., 100 revolutions of the 
wheel). Both pointers must point accurately to zero at 
the same time, for, if care is not taken to see that this is 
so, after a prolonged run an error of a hundred divisions or 
one complete revolution of the dial may be made. 

The scale of the spring should never be less than about 
100 per cent higher than boiler pressure, and may be used 
up to double the boiler pressure measured in pounds per 
square inch according to the speed. 

The Indicated Horse Power is computed as follows : — 
Let d = diameter of steam engine cylinder in inches. 
L = stroke of piston in feet. 
S = scale of indicator spring. 
or = stroke of indicator drum in inches. 
K = record of counting wheels per minute. 
K = constant of instrument. 

= 000238 = '^ X ^^ 



then I.H.P. = 



4 33000 

cr. L. S. R. K. 



cr 

10. R. S. 



and mean effective pressure = — 

o- X revs, per mm. 

The amount of the stroke of the drum, which corres- 
ponds to the length of an ordinary diagram, is measured 
by means of the graduated device fixed above the drum.. 
When the cord is attached to the actuating lever of the 
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engine, the drum stroke ia measured by bringing the 
vernier gently round ivith the finger until it is felt to come 
in contact with the tooth on the edge of the drum, and the 
same with the graduated rinj;;, but of course in the opposite 
direction. When they have both been set by the motion 
of the drum at the two ends of the stroke, the reading can 
be taken, and hundredths of an inch read off on the 
vernier. This device is very accurate, and a little experi- 
ence is only required to enable the stroke to be quickly 
noted. 

As the drum of the high-speed instruments is only half 
the diameter of those made for lower speeds, and the 
diameter of the string pulley between the milled edges is 
the same on both, the stroke indicator of the high speed 
instruments registers two inches only, a point on the pulley 
moving througn two inches whilst one on the drum slide 
only moves through one inch, and the graduations on the 
ring of the stroke indicator are therefore numbered 1 for 
a 2-in. length and 2 for a 4-in. Jn this ease, there- 
fore, the tenths actually measure two-tenths in length, 
and the lines representing them are carried above the 
scale to distinguish them from the twentieths, which do not 
exist on the stoke indicator of the low-speed ty^e. 

Hints on Maintenance of Indicator. — As a guide to aid 
the experimenter in properly using and maintaining the con- 
tinuous indicator in good order, the following hints should 
be attended to. 

Keep the contact surfaces of the wheel E and drum 
sleeve L free from dust. 

Before taking a reatling the instrument should be 
allowed to run with steam on, and the wheel in contact 
iTith the drum for a few minutes, especially if the brass 
slide on the drum has been moved. When the indicator 
is working properly it will produce a black mark upon the 
sleeve; and when it is first started, the surfaces being then 
clean, it is advisable to touch the edge of the wheel with 
the finger made slightly greasy with black cylinder oil. 
After this no further oiling ia required. 

The instrument cannot be (!t/^en to pieces without firBt 
rdeasing the siiuill screw in the split sleeve R. Set over 
the rocker to remove the wheel E from being in contact 
with the dnim, and then remove the screw G under the 
bracket. The cap can now be unscrewed and the piston 
removed. 
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When the piston has been replaced, the screiv G must 
be screwed home to maintain the point uf contact of roller 
and drum in the axis of the spmdle C, which should be 
perpendicular to that of the drum. 

This done, it only remains to tighten up the sleeve of 
the crosshead, which must be set parallel with the crank 
and resting upon the small shoulder of the piston rod, by 
which means the proper an^lar position of the wheel is 
fixed. If it is desired to change the piston spring, the 
integrating carriage B must be removed as above-directed, 
and then, when held firmly in the left hand, the piston and 
spring can be unscrewed from the cap by holding the piston 
between the second joints of the first and second fingers of 
the right hand, in which way a good grip is obtained. 
The piston rod must then be unscrewed with the hollow 
key supplied for the purpose, and the spring changed, 
having first slackened the tightening screw at the lower 
side of the piston. When the piston rod has been again 
screwed up it must be passed through the cylinder cap 
and the sleeve of the crosshead at the same time, the cross- 
head being held by the fingers of the left hand over the 
hole in the cap to receive the end of the rod. When all 
has been set up as before, the screw in the piston must be 
tightened up with the small serew-driver provided, by 
passing it through the union of the instrument. 

The drum may be taken out as follows : First release the 
stop, grasping the drum tightly, so that it may not recoil and 
scrape the tooth against the stop as it is screwed away ; then 
allow the drum to recoil slowly, in order not to injure the 
teeth of the stroke recorder above, and which will be carried 
round by the recoil ; then release the screw in front of the 
drum carriage and draw the fitting steadily off; the drum 
can then be taken out and the spring examined. When 
the drum is replaced, care must be taken to insert it 
again into the square of the spring, so that the tooth on 
the lower edge comes nearest to the stop, for, if this is not 
done, the tension of the spTing will not be the same as 
before. The spring should De wound up to give a pull on 
the cord of about 4 lb. rising to 5 lb., for a complete revo- 
lution of the drum. A less tension than 4 lb. to 5 lb. is not 
advisable owing to the pressure of the wheel on the slide. 
The drum carriage must be earefuUy fitted down upon the 
bracket, and to make sure that this is the case, the milled 
locknut on the top should be released, and the top bearing 
screwed np slightly. The bracket screw is then clamped 
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up and the drum set between its bearings with just a small 
amount of play between them to avoid all chance of 
abrasion of tne points and sockets. It is also necessary to 
arrange the teeth on the rings of the stroke recorder so 
that when all three teeth are touchinj^, the arrow on the 
vernier stands at zero on the scale, and the tooth on the 
upper edge of the drum is between those on the rings. 
Tnifl position can always be secured by drawing the teeth 
on the rings together with the vernier tooth to the left of 
that on tne drum. If the lower hearing is for any 
reason removed, it must be screwed in again to the 
same height as it was originally, for if it is raised, 
the tooth on the upper edge ot the drum wUl bear 
against the strpke recorder and injui'e the instrument. 

The small screws in the plates above and below the 
stroke recorder are for regulating the friction of the plates 
upon the rings, which should not be either too free or too 
tight, in order that the rings should remain where the 
drum leaves them. The drum spindle and its bearings 
are hollow throughout in order that they may contain a 
sufficient supply of oil for long runs. A screw plug is pro- 
vided at the lower end, which may be removed to allow the 
oil to run out, and to permit of a wire being passed 
through. When oiling the spindle the wire should be 
inserted to drive out the air, so that the lubricant may 
enter, the plug at the bottom end being then in. 

Blaisdell's Continuous Indicator. — In this instrument 

the cylinder, piston, piston rod, and spring are similar 

to those of an ordinary indicator.* The top end of the 

piston rod is screwed into a hght semi-circular bracket 

F. This bracket supports in hardened hollow cone 

centres P P the spindle S, the ends of which are also 

hardened. The apmdle has secured upon it the friction 

disc R, by the lock nut N ; and also the worm W. 

This worm engages with a couple of worm wheels G, ona 

of which is graduated and contains 100 teeth, while the 

other has 99 teeth. A pointer is attached to the back 

, wheel, and indicates on the front wheel graduations, the 

I number of revolutions of the worm and spindle S, together 

' with its friction roller. 

Clamped to the arm which supports the paper drum of 
the ordinary indicator is the bracket b, the top end of 
which supports the spindle y, to which is attached a cord 
pulley shown in section. The spindle y is controlled by a 
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clock Spring in the same manner as the paper dnim of the 
ordinary indicator, the forward motion being produced by 
the cord on the cord pulley, and the return motion by the 
clock spring. A li^bt and hard steel disc d is supported 
by the spindle y, and made to partake of its motion uy the 
set pin k, while the small helical spring c maintains it in 
contact with the disc with uniform pressure. 
^ As the disc rotates through a given angle, the friction 
between the disc and roller compels the roller to rotate as 
well by an amount depending upon the distance of the 




Fig. 43. — BlalsdeU's Contlnnoiu ludicatiar. 



point of contact from the centre of the disc. The distance 

of the point of contact from the centre of the disc is the 

amount the spring is compressed if set centrally when in 

the zero position, and consequently represents the pressure 

at the instant in the cylinder. The angle turned through 

by the roller during any given motion of the disc will be 

angle turned through by disc d x vertical rise of roller 

radius of roller. ~~ 

As the angle turned through by the disc is proportional 

to the stroke of the piston of the engine, and the vertical 
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rise of roller represents the pressure, the angle turned 
through by the roller K will be proportional to the work 
done during that interval. During the return stroke the 
disc moves in the opposite direction, and the work done 
will be subtracted from that done during the forward 
stroke, as in the ordinary indicator diagram. The horse 
power of that end of the cylinder will be the difference of 
readings of the wheel multiplied by a constant depending 
on the size of the instrument and the stiffness of the 
spring, divided by the time in minutes. 

It is the intention of the inventor, Mr. B. H. Blaisdell, 
chief engineer of the Charlestown Power Station of the 
Boston Elevated Kailway Company, to make the indicators 
complete, and also parts to be added to existing indicators, 
as in the accompanying illustration. Several tests have 
shown that this instrument will register the power 
developed under various conditions with an accuracy equal 
to that of an ordinary indicator. It is also intended to 
make instruments with double pistons to indicate simul- 
taneously both ends of the cylinder. This will be a great 
convenience. 

There is a peculiarity about this instrument worth 
noticing. It is that the roller R need not be set, so that the 
point of contact is at the centre of the disc when the roller is 
m its zero position (vertically). For, let be the angle turned 
through by the disc during one stroke of the engine, and, 
for the sake of simplicity, let the steam pressure be constant 
during a stroke. If hi be the distance of the point of contact 
from the centre of the disc during the forward stroke, 
and ^2 during the back stroke, while h is the zero distance, 
then the readins: of the wheel dnrin<j^ the forward stroke 
will be represented by 

OK 

and during the back stroke by 

- ^ K 

so that the net indication a*:, the end of a double stroke 
will be 

eiii-Olu^. 

By subtracting and adding h to each term we get — 
e(hi-h) + 0h-{e{h2-h)+ Oh}, 

which equals 

0(hi^}i)-0{h2-h). 

E 
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The first term is the angle turned through by the disc 
multiplied by the compression of the indicator si)ring 
during the forward stroke, which represents the work done 
in that stroke, and similarly for tne other stroke ; hence 
the roller R may be set anywhere along the spindle S, and 
will indicate accurately ; but, of course, it must not be so 
set that it may move off the disc altogether. 

The pressure of the disc upon the roller can be adjusted 
by the small screw h. This snould be as small as possible 
to avoid excess of friction, and for this reason it would be 
better to situate the roller R on the lower part of the 
spindle S, and the worm W upon the upper part, so that 
the leverage of the pressure between roller and disc, about 
the indicator cylinder cover shall be as small as possible. 



CHAPTER IV. 
CALIBKATIXG IXllICATOR SPRINGS. 
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The Testing: of 5team -engine Indicators has been 
made a study by several eminent engineers, notably Prof. 
Oabome Reynolds and Mr. Brightmore in this country, 
and Professors R. C. Carpenter and D. S. Jacobus m 

America. In 1893 Professor D. S. Jacobus carried out 
some experiments* to compare the mean effective pressiires 
of simultaneous cards taten with ditterent indicators, and 
below is the substance of his conclusions :^ 

1. With correctly-fitted pistons in the indicators, there 
need be no greater error involved in their use than that 
which occurs in measuring the hot scales of their springs. 

2. A leaky piston is much more reliable than one that 
is too tight a fit. A piston which will not fall through the 
cylinder by i"s own weight may bo too tight, and produce 
errors due to friction. The normal friction of an indicator 
piston should be so small tkat there will not be over the 
thickness of a very fine pencil line between the lines 
obtained for a rising and fallino^ steam pressure in the 
tests to determine the hot scale of the springs. 

3. The greal est difference f oimd between two indicators, 
with correctly-fitted pistons for the mean effective pressures 
of cards taken at one-quarter cut-ofi, was, as a maximum, 
■9 per cent iii four indicators tested, and the greatest 
difference in the mean height of the diagrams for any two 
indicators was "005 in. This was for comparative tests, in 
which the average of 12 or 24 cards was taken. The 
greatest ditierimce between any single pair of cards taken 
simultaneously was 25 per cent of the mean effective 
pres,sure, and the corresponding difference in reading the 
mean height '017 in. 

i. The greatest difference between any two indicators 
with correctly fitted pistons for the mean effective pressures 
of cards havu g one-fortieth cut off', so that a loop was 
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formed below the atmospheric line, was '6 lb., and the 
greatest dift'erence in the raeasiireraent of the mean height 
was ■01 in., or adding opposite signs, 017 in. The presence 
of a loop causes the effect of friction and lost motion to be 
a maximum, and the above differences are therefore greater 
than were found in cards having no loop. 




Fig. 44.— Iodic :tt or Texting Apparatus. 



5. The variation of the weight of the moving parts 
"within the limits now employed by the makers of the 
standard instruments does not affect the accuracy of the 
results obtained by the indicators. 

Professor Jacobus further states that if the hot scales 
are' determined and applied, there should not be a dis- 
"■crepancy between the results of two indicators of over 2 per 
cent, but if the nominal scales, as furnished by makers, are 
"Used, there may be a difference of 4 per cent. 

Professor Carpenter, together with Messrs. Marks and 
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tBarracloitgh,* hare luvestigated the error in usin" scales 
of indicator springs that have been calibrated in the cold 
state. 
Before passing on to the results of the investigation it 
may be as well to illustrate the apparatus used for the 
purpose. 
f 
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Professor Carpenter's Testing Apparatus. ^The iirst 
piece of apparatus of an extempore nature is shown in 
Fig. 44. The indicator is attached in the usual way to a pipe 
A, which is rigidly secured by a bridge to the frame of a small 
weighing machine. In the lower end fits freely, but steam- 
tight, a hardened cylindrical plug, which presses directlj 
upon the weighing platform of the machine. This plug la 
well lubricated, and the pressure upon its upper end is 
communicated directly to the platform and measured on 
' ' ' ' The plug can be rotated by hand 



. of weighing to avoid the friction 



the weighing 
during the process 
effect. 

The tube A is connected to the reservoir B by a 
horizontal pipe, as shown in the figure, so that the pressure 
in the reservoir is communicated to the piston of the 
indicator and to the plug in the lower end of the fixed 
tube A. The reservoir is connected to a boiler or steam 

E'pe by the pipe C, and to an air reservoir by the pipe 
; the third vertical pipe being an outlet for the steam or 
tur in the reservoir B. 

Any desired pressure can be maintained in the reservoir 
B by throttling the inlet with the valve E and the outlet 
by a similar valve. The pressure in the reservoir B is 
registered by the pressure gauge shown in Fig. 44. 

A more compact form of apparatus, specially designed 
ior the purpose, is shown in Fig. 45, and was made at 
the New York works of Messrs. Schaffer and Budenberg. 
The reservoir A is here the body of the apparatus, and 
sui»port3 the indicator to be tested as well as the scale 
beam. The indicators are attached by cocks to the nipples 
B. Steam is allowed to flow into the reservoir through 
the cock F, the supply being regulated by the hand-ivheel 
H. It flows out of the reservoir through the cock G, the 
■throttling being done by the hand-wheel I. 

The plu^ K has a conical' end M, which presses upon 
stirrup N, which is suspended from the scale beam at 0. 
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The top of the cylinder iii which K slides is filled with oil 
to permit of the free working of the plug. A pin 1' in the 
plug allows it to he rotated during weighing. By arranging 
the area of the plug end exactly 1 sq. in, the scale heam 
indicates the pressure per square inch in the reservoir, 
and consequently in the indicator. 




The method of using the apparatus is as follows : — 

The piston of the indicator is oiled, and placed in the 
indicator cylinder. The weighing poise is set at a given 
position, to balance a certain load on the plunger K. 
Steam is then admitted to the reservoir, and the inlet and 
outlet cocks so adjusted to give the requisite pressure to 
float the scale beam. The indicator should he quite hot 
before the test is commenced. 

A line is then drawn on the drum paper by the 
indicator pencil by bringing the pencil up to the paper in 
the usual manner, and then pulling the drum cord. 

This is repeated with successive pressures until the 
maximum is renched ; then, after increasing slightly 
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I beyond this maximum the same is repeated with a fulling 
' piston. 

Fig. 4G shows the sort of result obtained at an actual 
test. 

A diagram is then plotted on squared paper, w-ith 
ordinatea representing error, and base representing pres- 
sures. 

It was found in the experiments above mentioned that 

if the springs are calibrated cold the mean error is about 

3'6 per cent. Further, that errors of indicator springs are 

t of such a magnitude that they cannot be neglected, and 



i 



; 



and, conse-. 
idded to, or 



these errors are proportional to the 

quently, the eoiTeetion is a percentage to 

subatracted from, the mean ordinate. 

For ordinary work the weighing-machine portion of 

the above apparatus could be replaced by an aecurately- 

calibrated standard steel tube pressure gauge, with a large 

dial, so that small diU'erences of pressure may be indicated 

by it. 

This will be readily recognised when we reflect that, 
t.with springs of scale 100, the thickness of anything but a 
Tjfine pencil line represents a pressure of at least 1 lb. per 
E^quare inch, which can be eaaiSy recognised on a standard 
B^auge such as the one mentioned above. 

Quite recently Prof. Jacobus has replaced the weighing- 

tnachine part of Prof. Carpenter's apparatus by a weighted 
tplunger. 

Professor Jacobus' Testing Apparatus. — A diagram 
I of the apparatus* is shown in Fig. 47. The indicator 
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is fixed at A, the eock being screwed intci the end of a 
(i-in. pipe B which is al>out 2fr. long. This pipe is con- 
nected at its lower end to a steam supply pipe L haying a 
stop valve K which can be nicely adjusted. The lower end 




of B is also connected to a drain pipe containing the stop 
valve 0. At some intermediate position in the pipe B an 
outlet pipe N with valve M is provided. Steam being 
turned on at the valve K passes into the pipe B and out 
through the pipe N ; any desired pressure being main- 
tained in B by suitably regulating the inlet and outlet 
valves K and M. The pressure in B is measured by the 
deadweight C pressing upon a piston or plunger of luiown 
diameter working in a steel die block. Both the plunger 
and die block are accurately finished to the diameters o in. 
and '5005 in. respectively'. So that the effect of friction 
shall be eliminated, the weights C and their supporting 
platform, which is rigidly attached to the plunger, are 
rotated by* hand while the actual pressure weighing takes 
place. 

The pipe E is filled with oil so that the plunger is always 
well lubricated. Glycerine is also found to behave well. 

The pet cock F permits any air in the connections to 
fiow out, and the cock J is for getting rid of water in the 
same manner. The pipe D connects the U piece E to the 
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I pipe B through the water jacketed siphon H, the jacket 

I provides that the siphon H and pipe G is full of water. 

A pressure gauge shows the pressure at which the instni- 

meut is being worked. 

I When testing a spring, the steam pressure in the pipe 

1 B is lirst raised to the maximum allowed Ibr that spring 

[ and the indicator cock is opened and closed a number of 

1 times to allow of the indicator beingheated to the ordinary 

' working temperature. The valve K ia then shut off and 

M opened for the purpose of taldng the atmospheric line. 

For this purpose the indicator cock should be turned to its 

proper position. The drum of the indicator is then rotated 

hy hand and a line drawn, the pencil being previously 

pressed downwards. Immediately aften^ards the pencil is 

pressed upwards and another line drawn. If there is an 

I appreciable difference between the two lines, there is an 



=G^ 



s of friction above the normal amount. 
Steam ia then turned on and a detinite pressure in B 
l-obtained, which just balances the plunger and its super- 
imposed weights, the latter being spun round during 
ad]uatment. 

For pressures above that in a neighbouring boiler. 
Professor Jacobus used the apparatus in Fig. 48. 
' An inclined pipe A B C, 4 in. in diiiinetcr !ind 8 ft. long. 
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is titte<i with a water gauge F. The indicator is attached 
at I and a pressure gauge at G. The pipe H leads to the 
pressure weighing apparatus as in the last figure, and the 
valve -I is in the escape ]iipe. The pipe D admits water 
or steam to the pipe B. The lower part of E is heated 
with Bunseii fiaraes to any desired temperature, an 
asbestos sheet K preventing the upper part of the pipe 
receiving heat from the gas jets. 

The pressure in B is regulated by the valve J. The 
upper end of the pipe A B is well covered with non-con- 
ducting cement. 

Fig. 49 shows the apparatus fitted "P for calibrating 
springs below the atmospheric pressure. The pressure in 
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E is measured liy a mercury column F connected to the 
pipe E throuffh a condenser G to prevent any steam gain- 
ing access to the top of the mercury column and condens- 
ing there. 

The indicator is attached at A, while the pipe B leads 
to a vacuum pump, the amount of vacuum obtained de- 
pending upon the adjustment of the valve C, and the air 
cock D. Steam is admitted through the cock K for heat^ 
ing up the indicator. 

The apparatus can also he used for small pressures 
above the atmosphere by the mercury column R on the 
left. The mercury cups, Q and S, are adjusted by screws 
T and U beneath tnem. 



CHAPTER, y. 
OTHER ERRORS IX THE INDICATOR DIAGRAM. 

Errors in the Indicator. — ^In 1885 Prof. Osborne Rey- 
nolds eontribnted a highly-interesting paper to the Pro- 
ceedings <)£ the Institution of Civil Engineers, vol. IxxxiiL, 
"On the Theory of the Indicator and the Errors in 
Indicator Diagrams," and with it was read another paper 
by Mr. A. W. Brightmore, B.Sc., entitled " Experiments 
on the Steam-engine Indicator." 

The discussion which followed these two papers was 
voluminous and valuable, and should be read by any one 
interested in indicator work. 

In the former paper Professor Reynolds shows that the 
error in pressure atanj instant due to the effect of the inertia 
of the piston and its attached mechanism could be expressed 
by an equation which consists of two parts : one relating to 
a cyclic disturbance whose period was that of one revolu- 
tion of the engine shaft, and the other relating to a 
vibratory disturbance whose period was that of the piston 
and pencil mechanism when disturbed and depended upon 
the dimensions of the moving parts and the stiffness of 
the spring. 

It was also shown in the paper referred to that the 
principal effect of the cyclic disturbance was to slightly 
enlarge the area of the diagram, though with proper pre- 
cautions this should be inappreciable. The probable error 
per cent due to this cause would be about 

■00563 W N'^ , 

. ■■ f i — where 

A K S 

N = number of revolutions per minute, 
A = area of indicator piston in square inches. 
E = number of pounds to the inch of spring scale. 
S = ratio of pencil motion to that of indicator piston. 
W = equivalent weight of piston and pencil mechanism 
moving in the same manner as the piston does 
= 2 {w }■*) where 

= weight of any particular piece of pencil or piston 
mechanism, and 
r = ratio of its motion to that of the piston. 

The error due to this cause should never be allowed to 
exceed 1 per cent. This may be done by selecting a spring 
of sufficient stitfucss. 
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Oscillation of Pencil. — In the vibratory disturbance 
the number of complete oscillations of the pencil during 
one revolution is given by 

n = 189 N /A^ 
-J w 

where n is the number of os.cillations per revolution. 

It is stated in the paper that n should not be less than 
30 to obtain a fair diagram. 

The effect of these oscillations of the pencil is to 
produce a distorted diagram rather than alter its area to 
any great extent, though Mr. Brightmore has shown that 
a sliglit increase in the area is produced by this phenomenon. 
Friction tends to destroy the vibration, "but though friction 
may be useful in this respect, it should be eliminated as 
far as possible, as it tends to produce error in other ways, 
principally by delaying the motion of the pencil and con- 
sequently increasing the area of the diagram. This occurs 
mainly during expansion and compression. Another eSect 
of the friction spoken of above is to round off some of the 
sharp comers of the diagram. 




A typical diagram taken with a large Simplex indicator, 
and a 100 spring attached to a gas engine, is sho\vii in Fig. 
50. As diagrams from gas and oil engines are very similar 
in character it may be taken for our purpose as a fairly 
representative diagram from an oil engine, when the proper 
spring is used. The speed was 200 revolutions per 
minute. More oil engine diagrams will be shown later. 

Fig. 51 shows an oil engine diagram taken with a 
Eichards indicator, and a 64 spring at 225 revolutions per 
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mimite. Here the oscillation of the pencil is excessive in 
amplitiide, extends throughout the stroke, and shows well 
the influence of the heavy pencil mechanism in this indi- 
cator. The spring is slightly weak for this work, but would 




not show so much oscillation if used on a more modern 
instrument, such as any of those previously described. It 
is on this account that the Richards instrument has not 
been mentioned in this work, and one could hardly think 




, of buying it for general or accurate work when other much 
I- aupenor instruments are on the market at a reasonable 
T price. 

Another oil engine diagram is shown in Fig. 52, taken 
at a speed of '23'} revolutions per minute with a Richards 
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indicator. The pressure of the pencil on the paper was 
probably greater in this than the previous diagram, as the 
oscillations did not extend throughout the stroke as in 



Fig. 51. 




Fig. 53. 

Fig. 53 shows much oscillation during one stroke and 
scarcely any during another. The absence of oscillation 
in the latter is accounted for by the impulse being slightly 
less than that during the former stroke and the pencil 
pressing hard against the paper, friction destroying the 
oscillations. 




Fig. 54. — Spring too weak (No. 30). Speed, 350 Revolutions per 

minute. 

Fig. 54 gives diagrams taken from a steam engine with 
a large Simplex indicator and a 30 spring at 350 revolutions 
per minute, the oscillation being conspicuous. 

Of course, so li^ht a spring should not be used for that 
pressure and speed. Many of the diagrams given in this 
and other articles were purposely taken with springs of 
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too small a scale, or with a large slow-speed instrii merit, 
wheu a small high-speed instriimeut should have been 
used ; the idea beinpf to show what happens under such 
circiimatances. In this way the peculiar results obtained 
with the highest class of instruments are not due to the 
instruments themselves, but to the way in which they were 
handled. There are other features of these diagrams, 
which will be examined later. 



Speed, 3a8 Revolu- 



Fig. 55, which was taken from a steam engine at a speed 
of 338 revolutions, shows a small amount of oscillation of 
the pencil. 

Indicator Stickins. — A bad case of indicator stick- 
ing is shown in Fig. 5(j. at a speed of 200 revolutions per 
minute. It can always* be distinguished from oscillation 
by the form of the nigzag curve. With a .sticky pi,ston the 





of Slicking. 



pencil does not begin to move until after its proper time, 
and when it does start its inertia sometimes t 



little too far, where it sticks again. This produces i\ 
stepped line, which is purtly horhontixl and puitly sloping 
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at a considerable angle to the horizon. The oscillation 
curves in previous figures . extend nearly as far below the 
mean position as above it. This does not happen when 
the piston sticks. Fig. 57, which was taken at the same 
speed and with the same spring (60) as Fig. 56, shows a 
slight amount of oscillation, as well as excessive sticking. 

The author has seen similar diagrams produced by a 
Crosby indicator when the piston has been carelessly 
attached to the piston rod, and was a bit out of truth, 




Fig. 57. — Indicator Piston Sticking, and Slight OsciUation. 

making it grind against the cylinder and the rod against 
the cylinder head. To prevent this the little screw at the 
bottom of the piston should always be screwed in after the 
piston rod has been screwed home into the piston-boss. . 

This is only another instance which shows how necessary 
it is to exercise great care when using high class and 
delicate apparatus. 

If an indicator shows sticking, at once remove the 
piston and oil it, after examining to see if the sticking is 
due to wrong adjustment. A slight amount of leakage 
past the indicator piston does not materially affect the 
diagram, while it indicates that the piston does not fit the 
cylinder too tightly. 

Errors due to Paper Drum Inertia. — There remains 
to be considered the influence of the paper drum and its 
mechanism on the form of the diagram. This may be con- 
sidered under three headings, namely : (1) The inertia of 
the drum, (2) the varying tension of the drum spring, and 
(3) the effect of drum friction. 

The first of these should be made as small as possible by 
reducing the weight of the drum as far as is consistent with 
strength and utility ; its numerical value for any drum will 
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Tary as the sqiiare of the speed of the engine, and its 
general efiect is to lengthen the diagram. 

As the eftecta of (1) and (2) taken together can be made 
I a minimum by the proper selection of dimensions, we shall 
now calculate its approximate numerical value. 




1 



In the accompanying Fig. 58 let the paper drum 
cord pulley have an eSeetivo radius of r feet(= radius 
of pulley + radius of cord). Further, let A be the point 
of attachment of the cord to the reducing gear, the travel 
of A being i o. 

Let X = distance of A from * in feet. 

I = length of stroke i o of A in feet. 
L — length of stroke of engine in feet. 
P = actual pull on cord in pounds after A has 

moved x feet from i. 
p = initial tension in cord in pounds when A is 

at i, and engine stationary. 
/ = that part of the tension in the cord, due 

to inertia of drum, in pounds. 
■2 = extra tension of cord m pounds beyond 
initial tension to move A through 1 in. 
^i'ithout inertia. 
N = number of revolutions of engine shaft per 
minute. 
Then 1' ^ j, + 12 xs+jf. 

The point A will move in a similar manner to the piston, 
but to a reduced scale of. 

I 

t; 

The motion of the piston is not quite simple harmonic, but 
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is approximately so, and will be assumed to be so in this 
investigation. The actual acceleration of the piston for any 
angle ^ turned through by the engine crank from the 
centre line of motion, is 



2 T> / a cos 2 ^ \ 
— a» Kl cos d 1 



Where a is the angular velocity of the crank in radians per 
second, R is the length of the crank in feet, and n is the 
number of cranks in the connecting rod length. 

The second term in the bracket is due to the angular 
motion of the connecting rod, and if this be neglected the 
acceleration is that due to simple harmonic motion. The 
factor R cos is the horizontal component of the distance 
moved by the crank from its mid-position, which is the 
same as tne distance of the piston from its middle position 
(assuming its motion to be simple harmonic). The accele- 
ration of the point A will be that of the piston multiplied 
by the ratio 

i_ 

L 
and equals 

a'^ X distance of A from its mid position 

This is the linear acceleration of the point A. Referring 
to Fig. 55 the linear acceleration of a point in the drum 
r feet from the axis must equal the angular acceleration x 
radius r. 

Therefore 

1 1 x- rj linear acceleration of A 
angular acceleration oi drum = 

Now with any body, free to rotate about an axis, we have 

^ t f t ' al r Moment of inertia of body 

omen o ^ .© t = J about axis x ansfular accele- 

force about axis \ \ .- u j. ^ 

J [^ ration about axis. 

Calling I the moment of inertia of the drum, and sub- 
stituting from above, we have 
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and 



f = 



l^W /I 



(l-«) 



900 r* 

substituting in the equation 

T==p+ 12 xz+f 
we have 

This may be constant when 



12 = 



'900 7^. 



that is when 



N = 



r J 10800 z 



IT 



VI 



Hence there is one particular speed of the engine and only- 
one for each drum spring, at which the tension of the cord 
is constant. 

This is represented graphically in Fig. 59. X is a 
horizontal base line, and on it are plotted upwards ordinates 




Fig. 59. 

representing the tension in the drum cord without inertia, 
that is when the engine shaft is only just turning round. 
In this way the line A B is produced, and its equation is 

y =^ p + 12zx. 
Then are plotted downwards from X ordinates represent- 
ing that part of the tension due to inertia, and given by 

900?'^ \2 / 

This gives the line Q S, cutting the base line in T. For 
the first half of the stroke this tension is superimposed on 
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that of the spring (because the cord has to give it motion), 
with the result that at the beginning of the stroke the 
tension in the cord is represented by 

AO + OQ = AQ. 

At the other end of the stroke inertia is assisting the cord, 
or in other words the slowing down of the drum requires 
some retarding force to produce it, and that is found in the 
increasing resistance of the coiling spring ; hence the cord 
will have less to do, ^vith this position of the drum, than as 
if the engine were running dead slow and the forces of 
inertia were inappreciable ; therefore the tension of the 
cord at this end of the stroke is given by 

BX — SX = BS. 

During the return stroke the spring has to give motion 
to the drum, and consequently the tension of the cord will 




Fig. 60. 

be B S at the commencement and A Q at the end. If the 
speed is such that Q S is parallel to A B, then the tension 
of the cord is constant throughout the stroke — a most 
desirable result, as the stretching of the cord would then 
be constant, and there would be no error due to that cause. 
At any other speed the tension cannot be made con- 
stant, even by increasing the tension of the spring ; for 
if in Fig. 60 the dotted lines represent the state of 
afeirs with constant tension, the winding up of the spring 
simply means that the initial tension is increased, and the 
line A B is moved parallel to itself through a vertical 
distance representing the increased tension to the position 



PAPER DRUM INERTIA. 69 

A B. An increase in speed will rotate the line Q S round 
T into some position Qi Si, wkich gives an ordinate for the 
tension greater at one end than the other. Hence there 
is one particular stiffness of di-um spring which is moat 
suitable for a particular speed, and no alteration of its 
tension will render the tension of the cord constant. It 
I, therefore, preferable for very accurate work to have a 
number o£ drum springs of different stiffnesses, so that 
the inclination of tne drum spring tension line shall be 
approximately parallel to the inertia line. 

There is one condition which is easily understood from 
the diagram, and which is extremely undesirable. It is 
that in which the stiffness of the spring is small while the 
speed is so great that the inertia line crosses the spring 
tension line, and the tension in the cord is entirely 
removed for a certain portion of the stroke, with the 
probability of the drum considerably over-running the 
cord and giving a very distorted diagram. 

Hit is required to use the true acceleration diagram 
instead of the simple harmonic diagram, the true diagram 
may be drawn from the dimensions of the engine in the 
usual manner, and then reduced in scale in the proportion 
of L to I. 

It will be noticed in the expression fqr the tension of 
the cord that the maximum force due to inertia is propor- 
tional to the length I of the diagram. Hence, if we 
reduce the length of the diagram we reduce the inertia 
forces, and consequently we can, by altering the length of 




Fig. ti!. — Browu'a Utum Spring Testing Apparatus. 

the diagram, keep the inertia, line of previous diagrams 
parallel with the drum spring tension line. This is 
recommended by the Tabor iinlicator makers, who give 
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instructions in their pamphlets for accomplishing it. (See 
p. 25.) This also gets over the difficulty of carrying about 
a number of drum springs, but at the sacrifice of a fair 
size diagram. 

The proper speed or length of diagram for uniform 
cord tension can be obtained experimentally with the 
apparatus shown in Fig. Gl, which was first used by Mr. 
Brown, in America. It consists of a rod R, which is made 
to partake of the same motion as the end of the cord in a 
reducing gear, by being attached through a connecting 
rod to a crank pin in some artificial crank, such as the 
faceplate of a lathe. At the other end of the reciprocat- 
ing rod is attached a bell-crank lever, the outer end A 
containing a pencil which can describe a diagram on a card 
fixed to a small vertical wood frame G, which can be 
brought into contact with the pencil A. 




Fk;. 02. 

The small end B of the bell-crank is connected to a 
helical spring H, the other end of which is coupled to a 
projecting arm on the reciprocating rod R. 

To the end B of the spring the indicator cord is 
attached, and its lemj^th is the same as that when in use on 
an engine, the drum being securely fixed to some rigid 
base ; preferably by leaving it intact on the indicator and 
fixing the latter on a special fitting which is rigidly fixed. 

When the reciprocating rod is in motion and the 
tension of the spring H is uniform, the pencil A will 
describe a horizontal line ; but should the tension of the 
cord, and consequently of the spring, vary, the pencil will 
describe a closed curve. Examples of these will be found 
in Fig. 62. The tensions are plotted vertically on a stroke 
base. The straight dotted line A B is that described by 
the pencil when the mechanism is going dead slow, the 
straight line C D when making 400 revolutions per minute, 
this being the speed for which the stiffness and length of 
this drum spring are most suitable ; and finally the curve 
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E F which was drawn at 650 reTokitions per minube show- 
ing considerable variation in the cord tension. 
, The effect of the inertia of the drum in stretching the 
i, cord at higher speeds is shown in Fig. 63, at the admission 
I and exhaust lines, it being greatest at the admission line of 
I the left diagram, the inertia of the drum making the 
I tension there greater than at the end of the outward stroke 
I on the right. 

I The diagrams were taken with a large Simples instrument 

' and a 60 spring at the three speeds mentioned without 

removing the paper from the drum. The drum spring was 

not adjusted to give constant tension as it should have been. 




Fli;, 03. — Showing Stretclimg of Cord Due to Higher Speed. 
Diagram A, taken al a speed dead slon-. 

B 50 revs. 

C, ,, ,, aOflreva. 

For further illustrations showing the stretching of the 
. indicator cord, see page 84. 

The Influence of Drum Friction. — If the tension of 
the drum cord is constant throughout the stroke, the 
resistance oflered to its motion by motion will be approxi- 
mately constant, but should the tension vary considerably, 
it may be expected that the friction mil also vary. 

The general efiect of friction is to impose an extra 
tension on the drum cord, stretching it beyond the normal 
elongation during the time friction is acting by an amount 
dependant upon the friction. The stretching of the cord 
produces a lag in the motion of the drum with the result 
that any point in the diagram is actnaJly behind its proper 
position by the amount that the cord has stretched diue to 
friction when the pencil is on that point. 

Referring to Fig. 64 the iViUline represents the actual 
diagram taken by the indicator, and the dotted outline 
the true diagram that would be drawn if the drum were 



As the effect of friction is to make the actual position 
of a point behind its tnie position a distance equal to the 
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stretch of the cord, we shall have the point of cut-oft B 
behind the real cut-ofl" point Bj and the |>oint of exhaust C 
behind Ci. The drum will not begin to return until its 
spring has been allowed to recoil a distance sufficient to 
decrease its tension by an amount equal to the friction of 




FlQ. 64.— ShowiiiK Kffect 



Diagram. 



the drum, which is the amount the cord has .stretched 
beyond the normal due to the friction of drum, and which 
equals E El or C CY 

During the exhaust stroke the compression point N is 
behind the true point Nt and necessarily the point A behind 
Ai for the same reason. The diagram as talten is shorter 
than that which ii-ould be produced with a frictionless 
drum ; and Mr. Brightmore found that this shortening 
may amount to 7 per cent at speeds of 70 to 130 revolutions 
per minute with a. Richards indicator, in which the drum 
was not well lubricated. 

In his investigation, Professor Reynolds has assumed 
that the tension ot the cord is constant, and consequently 
the amount of extra stretch due to the friction is con- 
stant. Let this be represented by a; ; thenAiA = BBi = 
CCi = a:. 

Let E = number of the indicator spring. 
pa = admission pressure. 
p, = exhaust pressure. 

Pm = mean eliective pressure of actual full line 
diagram. 
e = error in true mean effective pressure due to 
stretching of cord. 
Then pm + e = true mean effective pressure in cylinder. 
= mean eft'eetive pressure of dot tecl diagram. 
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Area of any diagram = mean height x length. 



mean effective pressure 



X length. 



: mean effective pressure. 



E X a rea _ 

length 

Let L = length of actual full Une diagram, then the 
ean eff'ective pressure of dotted diagram 

_ E X area Ai BiCiE,N,Ai 



(Ai ANNi + ABC EN +BEiCiE,ECe) 




Equating this to (pm + fi) the other expi 
true mean effective pressure, and solving for e, we get 

•- mi (f- -?■-""' 

This may amount to from less than 1 per cent up to 10 
or 13 per cent, depending upon the stretch of the cord, 




the pressures, and point of cut-off. Professor Reynolds 
found the least amount of stretch of an indicator cord to 
be about '4 per cent of its length. 

The actual diagram is always too small, due to the 
above drum friction, but pencil friction and o.seilktion of 
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the pencil mechanism have the opposite elBFect, and these 
tenci to neutralise each other. with modern indicators 
and experienced manipulators the error in the 
effective pressure should be very small. 



mean 



Indicator Cord too Lon^:* — Care should be con- 
tinually exercised to secure that the rigging of the indicator 
is always in good condition. A careless or inexperienced 
observer may permit of considerable error if this is not 
attended to. Fig. 65 shows at the left end of the diagrams 
that the cord . is too long, permitting the paper drum to 
rest upon the stop for a certain period near the head end 




Fig. 66. — Cord too long. Diagram 5 per cent short. 

of each stroke. The little indent in the admission line, 
and also in the exhaust toe of the other diagram, have been 
described by the pencil while the drum has rebounded 
from the stop (in the same manner that a hammer rebounds 
from an anvil.) 

Another instance of too long a cordis shown in Fig. 66, 
which was taken from a 5 brake horse-power gas engine at 
■200 revolutions per minute, with a large Simplex indicator 
using a 100 spring. 

In Fig. 67 this same diagram is compared with a normal 
diagram taken immediately afterwards, but with the correct 
length of cord. The dotted diagram was found to be 5 per 
cent short. 

As the rebound from the stop occurred during ignition, 
when the motion of the pencil is very rapid and the 
spring tension small, the length of the indent extends 
tnrough the whole of the explosion line. 

A very instructive series of diagrams taken by an 
inexperienced observer (from the same engine as the 
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previous diagram) is shown in Figs. 68 to Fig. 74, in which 
the cord became longer as time went on through insecure 
attachment, or slipping of the cord in the cord adjuster. 



/x 




Fi6. 67. — Comparison of Normal with Short Diagram due to 

too long a cord. 

On the left of the exhaust and suction stroke lines 
will be noticed a short vertical dotted line, which indicates 
the true end of the stroke. The diagram in Fig. 68 is 




Fig. 68.— 8-50 p.m. 




Fig. 69. — 8-55 p.m. 1 per cent short. 
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only just the right length, while the next one is 1 per cent 
short. Here the concavity outwards of the ignition line 
leads one to suspect that tne drum comes against the stop, 
it being entirely dififerent from the ignition line in the 
previous diagram. 




Fig. 70.— 9 p.m. 1 per cent short. 

An experienced observer would have noticed the noise 
of the. drum on the stop unless the noise of the surrounding 
machinery was very great, but here it was not noticed. 
The diagram in Fig. 70 is similar to that in Fig. 69, but 
that^ in Fig. 71 is 2*5 per cent short, and the concavity of 
the ignition line is more marked. 




Fig. 71. — 9-5 p.m. 2-5 per cent short. 

The diagrams in Fig. 72 and Fig. 73 are 9 per cent 
short, while the knocking of the drum against the stop 
appears to have slightly disarranged the paper on the 
drum, as will be seen at the right-hand end. This is very 
likely to happen when the paper clips are not tight and 
stiff. The igmtion lines in this diagram are also interesting, 




INDICATOR CORD TOO LONG. 



as they are not coincident, and show the effect of different 
rates of explosion. 

While Fig. 73 was being taken the noise of the drum on 
the stop attracted the attention of a second person, who 
altered the length of the cord; after whiehFig. tiwas taken, 




showing that the engine was working under normal con- 
ditions. The full load was applied by means of a rope 
brake throughout the run. 




The diagrams in Fig. 75 were taken ^rith the cord 
much too long, and purposely so, together with other 
; of normal length taken at the same time super- 
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Hero we find the curious indent similar to that in the 
steam engine diagram, Fig. 68. This indent is caused by 
the rebound of the drum during compression, and the 
vertical cord of the indent is described by the pencil 




Fio. 74.~6a8 Engine Diagram. 9-20. p.m. Trae length. 

during the return of the pencil, when there is no explosion. 
This is shown by the arrows on the left of Fig. 70, 
which is a diagram taken with a 30 spring, the horizontal 
line at the top denotes that the piston was prevented from 





Fig. 75.— Cord too long. Gas Engine Diagram. 

rising higher by the stop. This stop is generally a thin 
piece of brass or steel tube, cut to the right length to pre- 
vent the spring from being compressed too far. With the 
Simplex indicator the nature of its construction prevents 



INDICATOR CORD TOO LONG. 



' the compression of the spring exceeding a certain amount. 
I"ig. 77 shows diagrams taken with 60 and 100 springs. 
The diagrams in Figs. 76 and 77 were taken within a few 




seconds of each other, which may be easily done witii a 
Simplex indicator in which the spring is outside, and is 




slipped into position. The load on the engine when these 
last diagrams were taken was about one-third of the 



maximum. 



so DtSPLACEMENT OF PAPER OS DRUM, 

DiAplacement of Paper on Drum. — A not uuusual 

miciirreiice with an indicator that has been In use some time, 
or with one which has nut been very carefully handled, is 
the shifting of the j>aper on the drum. This may occur in 
the direction of the drum's axis if the paper is at all loose 
and the pencil jjresaes heavily upon the paper ; or it may 
<tccur along the circumference of the drum, more especially 
at high speeds. An instance of the former kind of dis- 




FlG. 7H — DiaplaceTiieDt of Paper oii Drum, 
placement is shown iu the upper part of Fig. 78, and of 
the latter kind in the lower part of the ligure. Probably 
the best way of getting round this difficulty is to place a 
couple of elastic nands round the drum over the paper, one 
at each end. The clips may then be dispensed with, but 
great care should be exorcised in arranging that the end of 
the paper should not come under the pencil, or the pencil 
mechanism may be seriously strained in tearing the paper. 




Fic, 7y.— TlirotUiiig Due to Inditacor Cock, 
Effect of Throttling in Pipe.^The diagram in Fig. 
79 was taken at about 200 revolutions per minute, the dotted 
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line being drawn while the three-way cock was partially 
closed. The throttling is not excessive, but would have 
been considerably more at a higher speed. 

Indicator Connections. — During the year 1890, Prof. 
Goss, of Lafayette, Indiana, carried out some experiments 
on the eftect of long indicator connections on the diagram; 
and in the same year presented the results of his work 
to the American Society of Mechanical Engineers, from 
whose proceedings the figures immediately following have 




Fic. 81).— 5ft. Pipe ; 2011 Revolutions ; i Cutoir. 

been extracted. The method of the experiment was to take 
eight diagrams with an indicator attached direct to the 
cylinder, and another eight diagrams with a similar indi- 
cator connected to the cyhiider by different lengths of pipe. 
The average of each set was used for compariBon. The full 
line diagrams. Figs. 80 to 84, are those taken with the 
indicator dxed in the cylinder, and the dotted diagraias 
3 taken with the long pipe. 




Fig. 81.— 10 a. Pipe : iOO Hevolutlons ; J CuC-olT. 

It was found in FigH. SO Ui K.i that the longer the pipe 
the later did each event appear to occur aft«r it ought to 
have occurred. This is especially noticeable in thK 
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exhaust line of Fig. 80. The marked points in both sets 
of diagrams indicate the amount of lag. 

The main conclusions drawn from tne experiments were 
that : — 




Fig. 82.-^15 ft. Pipe ; 200 Revolutions ; ^ Cut-off. 

(1) An indicator should be attached direct to the 
cylinder where possible. 




Fig. 83. -10 ft. Pipe ; 200 Revolutions ; ^ Cut-off. 

(2) Any pipe connection is likely to effect the diagram, 
a verj' short pipe may produce a measurable error, but a 




Fig. 81— 10 ft. Pipe; 200 Revolutions ; ^ Cut-off. 

length of 3 ft. or over may be sufficient to render the card 
valueless except for rough or approximate work. 
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(3) The effect of a pipe connection is to retard the 
pencil action, being more pronounced with an increase of 
speed or expansion. 

(4) Witnin limits the indicated power is increased by 
pipe connections, and conclusions, as to heat exchanges, 
are unreliable when based upon diagrams so taken, even 
though the pipe is short. 




Fib. H5.— EicesBive OaciUi 



Valve Cheat Llagra 



The diagrams, Fig. So, were taken with a Tabor indicator 
from a locomotive, the connection to the valve chest being 
long. The boiler and steam chest mean pressure was ISfi lb. 




per square inch, cut ofi 17 per cent of the stroke, and re- 
volutions 238. The oscillations could not have been due to 
the indicator, or they would have appeared in the cyHnder 
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(liajj^rains. Other diagrams taken at different speeds show 
some oscillation, hut not so much, as in this one. 
Proluihly, the speed was such that the natural period of 
oscillation of the colunni of wet steam in the pipe connec- 
tion a])proaohed that of the taking of steam by the cylinder 
from the steam chest. 

The intiuenee of long ])ii)e connections is well shown 
in ¥\<x. <Si). The (lia<n*am A was taken with an indicator 
attached direct to the cylinder, while B was taken with an 
indicator situated midway between the ends of the cylinder 
and connected bv a three- wav cock. The dotted diaofram 
was taken some I ime afterwards, when the pipe was probably 
partially choked. It was taken from a Corliss engine at a 
speed of 44 revolutions per minute. 

Stretching: of the Indicator Cord. — Mr. Brightmore 
experimented upon the si retching of the indicator cord, and 
used for the purpose an apparatus in which a make and break 
of electric contact occurred at intervals, which divided the 
stroke into ten ecpial ])arts. A contact piece was attached 
to the crosshead, which ])assed over a series of metallic 
pegs secured in a wood strip and connected through a 
battery to a Runikorf induction coil. The high tension 
terminals were connected to the pencil frame and to the 
drum frame. As the contact piece on the crosshead passed 
over a peg, the low tension current from the battery 
induced a hiiifh tension current throuorh those terminals 
attached to the indicator, with the result that the current 



Fig. 87.— Stretching of Cord at High Speed. 

pierced the paper previously placed on the drum and 
recorded how much the drum lagged behind the piston. 
With fine wire instead of cord this lag was very small, but 
with cord it was considerable, amounting to 5 per cent (at 
130 revolutions per minute) in some parts of the diagram. 
Of course this lag was permitted by the stretching of the 
cord ; with wire the lag was almost imperceptible. The 
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distortion of the indicator diagram through the stretch- 
ing of the cord can be easily shown hy taking two diagrams 
upon the same card ; one at a slow speed and another at 
a nigh speed ; and, as previously pointed out, the magni- 
tude of the stretching will depend upon the length of 
cord, the initial tension of the cord, the speed of reciproca- 
tion and the moment of inertia of the drum. 

Fig. 87 shows two sets of diagrams taken in the above 
manner. The full line diagrams were taken at about fifty 
revolutions per minute, and the dotted diagrams a few 
seconds after under similar conditions except the speed, 
which was increased to 350 revolutions per minute. The 
drum spring was given a half a turn fvnni being dead slack 




Fig. MB.— Stretching of Iiidi 



before either diagram was taken, and a GO spring was used. 
The dotted diagrams are 13 per cent longer than those 
taken at slow speed. 

The drum spring was afterwards given another quarter 
of a turn and the diagrams in Fig. 86 were then taken 
under the same conditions as those of the last figure, except 
a 30 spring was used. The dotted diagrams are here 
11 per cent too long. Probably the paper shifted vertically 
very slightly before taking the left-hand diagram. This 
may have been due to the jar of the drum as it came 
against the stop at the higher speed. The shape of the 
left end of the nead end dotted diagram should be noted, 
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it resembles, to a certain extent, that obtained at a different 
speed with a jj^as enjj^ine when the indicator drum was on 
the stop, as it was in this case due to the stretching of the 
cord. 

After these diagrams were taken the drum spring was 
put back to one quarter of a turn from dead slack, and the 
diagrams of Fig. 89 were taken. In this case the drum 
was always some distance oli the stop. The full-line 
diagrams were taken at a very slow speed, after which the 




Fig. 89.— Diagram Showing Stretching of Coid. 

speed was increased and the dotted diagram taken at 
about 300 revolutions per minute. As this speed was 
increasing the cord hook disengaged itself before another 
diagram could be taken. The length of cord was about 
3 ft., and the amount of stretch at the higher speed was 




Fig. 90. 



24 per cent of the length of the diagram. The indicator 
used was a large slow-speed *' Simplex." The left hand 
end of the diagram in Fig. 90 contains a protuberance at A 
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something like that at the same end of the dotted diagram, 
Fig. 89, and due to the same cause, namely, the stretch- 
ing of the cord, due to the inertia of the drum. The dia- 
gram was taken with a high-speed instrument at 350 
revolutions per minute, but witn the drum spring not 
sufficiently wound up. The protuberance is at the head 
end of the diagram, and at the instant the tension of the 
cord was a minimum. 

Copying: Diagrams. — When copies of diagrams are 
required, too much care cannot be taken in tracing over 
the lines, as it is very easy to follow the wrong one. This 
is the more likely if the diagrams are not quite new, as 




Fig. 91. 



they often fade. Fig. 91 gives an instance of incorrect 
tracing at B, the correct indication being shown at C 
below. 



CHAPTER VI. 



PRELIMINARY ANALYSIS OF THE DIAGRAM. 



The Cardinal Points of a Steam Engine Diagrram. — 

A typical pair of j^ood diagrams taken from a Corliss 
engine is given in Fig. 02, while diagrams taken from an 
engine fitted with an ordinary piston slide valve are shown 
in Fig. 93, similar letters in both figures referring to the 
same points. 

Steam begins to enter the cylinder at the end of compres- 
sion at Q when the en^fine piston is at the end of its stroke, 
compelling the pencil to trace the vertical line above Q. 



B9il»r Pretsurt 




Fig. 92.— Typical Corliss Engine Diagram (non-condensing), 

60 revolutions per minute. 

As the engine piston moves down the cylinder, the pencil 
describes the nearly horizontal line up to P (called the 
steam or admission line), at which point — the point of cut- 
off* the supply from the boiler is cut off by the closing of 
the steam port by the valve. -The steam that is in the 
cylinder now expands in volume, and consequently 
decreases in pressure, the pencil tracing out the line P K 
(called the expansion curve). At R the exhaust valve 
begins to open and allows the steam to pass out into the 

* The actual point of cut-oflF has been shown to be at the point of 
inflexion, a little distance beyond the first bend in the steam line. 
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atmosphere, but as the port opens comparatively slowly, 
the steam pressure is gradually reduced, the pencil 
describing the line R T. 

From T to S the exhaust port remains open, and the 
returning engine piston pushes the cylinderful of 






Fig. 93. — Typical Diagrams from a Non-condensing Engine with 

Ordinary D-sIide Valve. 

steam (that remains after the first pufif) into the atmo- 
sphere. At S the exhaust port closes, and the steam that 
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is left in the cylinder is compressed till the piston gets to 
the end of its stroke, when the steam port opens at Q 
again, and the cycle of events is repeated. 

The diagrams in Fig. 92 were taken when the engine 
was running at GO revolutions per minute ; and at this slow 
speed, with ports properly designed, the steam line is 
nearly horizontal. The steam has sufficient time to enter 
the cylinder, and maintain the pressure approximately 
equal to that in the steam pipe or separator near the stop 
valve. 

At the higher speed of 200 revolutions per minute 
(Fig. 93) the steam hue sloj)es towards P more than in the 
previous figure because the steam cannot enter the 
cylinder in sufficient quantity during the time the valve is 
open ; and, further, when the pencil is nearing P the 
steam port is closing more and more, giving less and less 
area through which the steam can pass, while the piston is 
increasing its velocity. 

The two upper diagrams in Fig. 93 were taken from the 
same engine when cutting off steam at one-quarter and 
three-eignths of the stroke, respectively, the lowest 
diagram being taken when cutting off at half stroke. The 
variations in the cut-off were effected by shifting the eccen- 
tric across the shaft* keeping the lead constant. In the 
uppermost diagram the cut-oii* appears earlier than one 
quarter of the stroke. This is caused by the opening of 
tne port being very small at this cut-off on account of the 
reduced travel of the valve, and consequent throttling or 
wire-drawing of the steam. 

The amount of wiredrawing, or reduction of pressure, 
is due to speed as well as to restricted openings, for the 
greater the piston speed the more steam is required in a 
given time to follow it up. It is found more or less in all 
diagrams, as will be seen in many of the following examples. 
In Fig. 92 the steam line up to P is considerably below the 
boiler pressure line. This is due to the length of the 
steam pipe between the engine and the boiler, it being, in 
this case, 117 ft., and contained ten right angle bends. Had 
the pipe been only a few feet long, and of ample sectional 
area, tne steam line would have been approximately coin- 
cident with the boiler pressure line.f The exhaust line in 
Fig. 92 is above the atmospheric line, showing a little 
back pressure. The exhaust port opening was probably 
small, or the exhaust pipe rather long. 

♦ See Fig. 195. f See Figs. 147 to 149. 
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Hints on Taking Indicator Diagrams. — See that 
the diftereiit parts of the indicator are in good working 
order, and that the drum spindle and piston are properly 
lubricated. Cylinder oil may be used for the latter, or 
special gas engine oil. Do not use inferior oil. Many 
experimenters oil the piston again after taking from six to 
ten diagrams. 

See that the indicator is properly rigged up together 
with its reducing motion, and previous to running the 
engine, obtain the correct length of cord. It is not advis- 
able to do this while the engine is at work unless the 
operator has had a fair amount of experience, or the 
indicator may be unintentionally damaged. 

Put the paper on the drum carefully and do not strain 
the clips. Should these not hold the paper tightly, they 
should be taken off and bent inwards. Do not talte the 
paper drum off its spindle any more often than is really 




3 it tends to get loose. Adjust the I 
the drum spring so that the drum shall not oTerrunatthe 
end of its stroke more than is absolutely necessary. 

Keep the pencil fairly sharp and do not allow it to press 
■ ' heavily on the paper. A heavy line may cause the paper 
to shift and distort the diagram; besides, the friction 
[ caused thereby produces an iafcorreet diagram. 
I Before attempting to take a diagram, blow steam 
v through the drain hole in the indicator cock until no water, 
■ ■i)Ut only blue steam, is visible. The indicator is now 
FTTOrmed up and ia ready to be used to take a diagram, but 
f tnrn the cock round so that there is no steam going to 
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waste before bringing the pencil to the paper. Take the 
atmospheric* line while the indicator is hot. 

A leaky piston is better than one that is too tight a fit. 

If the diagrams are taken for the purpose of finding 
the indicated horse power, the pencil should be kept on the 
paper for from four to ten or more revolutions. Failure to 
do this may cause the diagram shown in Fig. 94, which 
was taken with a constant load and is produced by the 
hunting of the governor, which in this case acted upon a 
throttle valve. 

If the same indicator is used for both ends of the 
cylinder, the connection being made through a three-way 
cock, note which diagram belongs to the head and crank 
ends respectively, and label them on the paper. The 
atmospheric lines should be drawn by hand before the 
diagrams are taken by ])ulling the indicator cord. 

A false atmospheric line may be drawn, as shown at A A, 
Fig. 95, when using certain makes of indicator cocks, if the 
operator is not careful to turn the l^lug of the cock, so that 




Fig. 95.— Non-condensing Eogine Diagram, False Atmospheric 

Lioe. 

the cylinder is entirely shut off by the cock, and at the 
same time the indicator is in communication with the atmos- 
phere through the little drain hole in the body of the 
cock. The false line is caused by the cock imprisoning a 
certain amount of steam in the indicator cylinder. 

After the paper has been removed from the drum, the 
date, time, and number of spring should be noted upon it, 
together with the number denoting the order in which it 
was taken, and the initials of the person who actually took 
the diagram. If it is only desirable to take a couple of 
diagrams to see how the engine is working, then the 
following additional information should be written on the 
back of the card : — 
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Kind of engine 

Makers 

Which cylinder 

Diameter of cylinder Diameter of piston rod 

Length of stroke Boiler pressure 

Speed Barometer 

Vacuum by gauge inches of mercury 

and any other information which may be thought necessary. 
In taking the indicator down, be careful not to bend 
the pencil gear. Clean it thoroughly and oil it before ■ 
putting it in its box. See that the indicator is properly 
placed in its box and that the lid of the box does not press 
hard upon any part of the indicator when closing the lid, 
otherwise some part of the instrument may be bent. 

It is advisable to use a wire in the place of the cord if 
it is unavoidably long. 

Should the stroke of the engine be very long, or if the 
ordinary reducing gear cannot be easily arranged, the 
following gear may sometimes be used with advantage. 
It is one oi the perfect type, 

A Couple of Useful Reducing Qears.— A circular disc 
W, Fig. 96, is fixed eccentrically upon the crank shaft, 
which IS shown shaded with its centre in the centre line 
of the crank, and on the sa.me side of the shaft. The 
throw of this disc is equal to half the required length of 
the diagram to be taken. Butting against the periphery 
of the disc is a roller V situated in one end of the sliding 
rod K, which is supported in the two brackets S and R. 
A spiral spring pressing against a collar on the rod K 
maintains the roller in contact with the disc, and thus the 
roller and rod K partake of a reciprocating motion. The 
end L of the rod K is much of the shape of the claws of a 
claw-hammer, between which may be slipped the cord Q of 
the indicator ; a small piece of wood or insulating fibre 
secured by a knot preventing the cord from shpping 
between the claws at M. A plan and end elevation of 
these are shown at Mi. It will be found convenient to slip 
the end of the cord over the hook F, so that it is quite 
handy when it is required to place the cord between the 
claws M. 

A little pulley sheave may bo placed on the end of the 
shding rod instead of the claw end, and the end of the 
cord may then be slipped over a hook fixed to some 
stationary part, as shown at N. The throw of the eccentric 
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disc in this case requires to be only one-fourth of the 
Icn^'th of the diagram. This gear gives perfect reduction 
when 

sum of radii of disc and roller __ throw of disc 
length of connecting rod "" length of crank 
_ length of diagram 

length of stroke of engine. 
Referring to the upper part of Fig. OG. 





Fig. 96. — A Reducing Gear used by Messrs. Hick, liargreaves, and Co. 

Y is the crank pin centre 

X „ disc centre 

G „ roller centre 

U „ centre of crank shaft. 

X G = radius of disc + radius of roller, and U X G is a 
reproduction of U Y Z to a reduced scale, when X G is 
parallel to Y Z. This will always be the case when — 

-^iL = UX = throw of disc 
Y Z U Y length of crank. 

But X G = radius of disc + radius of roller, 
and Y Z = connecting rod length, 

hence the relation given above. 

The author is indebted to Mr. J. G. Hudson, MJ.C.E , 
for the above illustration. 



REDUCING GEAR. 



A handy reducing gear, made of aluminium, by the 
Lippincott Company, of Benedict Building. New York, 




t'lc, 97 Aluminiain Reduoiiig Wheel. 

ia shown in Fig. 97. It is made to be attached 
to the drum spindle of existing:; indicators, or to be 




Lippincott 'a Indicator Drain 



I'iixed to some part of the eDgine by the bracket-ann 
I'l'. Connected to the aluminium reducing wheel is a 
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small pulley, round which is wound a braided cord which 
nnis to the sprints-wheel C. This wheel turns in con- 
junction with the small pulley D, round which is wound 
the cord runninjj: to the paj)er drum. There are a number 
of dirt'erent pulleys supplied with the instrument, so that 
any usual reduction may be accomplished. The chief 
feature in the attachment is the impossibility of the cord 
on the main wheel ridin<( upon itself, although it may 
make three or four consecutive turns. The guide pulley 
and bracket E are made to slide up the rod by the rotation 
of the screw I^ in the bracket A, and thus the cord is always 
properly coiled upon the reducinjnr wheel. 



Fig. 91).— To Show Effect of Cut-off Valve with Separate 

Distribution Valve. 

Another improvement by the same makers is the addi- 
tion of a swivelling nozzle to the drain holes at S, Fig. 
08, so that any leakage may be ettectually guided away 
from the operator. It is adjustable. 



CHAPTER VII. 

DIAGRAMS SHOWING VARIATION OF LOAD. 

Variation of Load. — Stationary engines have their 
speed regulated by the action of the governor on the slide 
valve, making it cut off at different points of the stroke ; 
or by the action of the governor on a throttle valve by 
which the initial pressure of steam is varied to suit the 
work being done. 

These two methods of governing are often called " ex- 
pansion governing" and "throttle governing" respectively. 

Fig. 99 shows the action of the separate cut off* or 
expansion valve, dotted lines being obtained at light load. 
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Diagrams from a Corliss engine showing variations in 
load are given in Figs. 100 and 101. 

In the next figure diagrams are ^iven which were 
taken from a single cylinder Corliss engine while working 





Fig. 100. — Diagrams from a Simple CondensiDg Engine with Corliss 

Valves, ShowiDg V«riation of Load. 



with a load much above the normal. The cylinder was 
16 in. diameter and the stroke 3 ft., the speed being 75 revo- 
lutions per minute and the boiler pressure 80 lb. per square 
inch. 



H 
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Fiti. lol. — Diagram from an Engine witli Corliss Valves, Showing 

Variation of Load. 




Fi5. 102 — Case of Heavy Overloading. Normal Load, 90 Indicated 
Horse Power ; Actual, 174 Indicated Horse Power. 
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Another case of overloading is given in Fig. 103. The 
full economical load for which the engine was designed 
was 385 indicated horse power, but wnen the diagrams 
were taken it was developing 601 indicated horse power 
during ordinary work without any alteration to the valves. 





Fig. 103. — Compound Corliss Engine, Heavily Overloaded. 

The boiler pressure was 1201b. per square inch, the 
cylinders being 16 in. and 30 in. by 3 ft. stroke, and the speed 
100 revolutions per minute. 

The diagrams in Fig. 104 were taken from an electric 
railway power station engine with cylinders 11 in. and 
20 in., by 15 in. stroke, while running light. The middle 
diagram was taken with a number 10 spring from the 
receiver; the other springs being high pressure, 60; low 
pressure, 20. 

Excessive compression will be noticed in both cylinders, 
causing loops at the top of all the diagrams. These loops 
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represent negative work, that Js.'w-ork done by the pistuDs 
on the steam. Loops of a similar nature will lie found ut 





From a Single Cylinder Corliss Eogioe Driving a Rolling 



the Other end of the dotted diagrams of Fig. 99. Here the 
steam is expanded below the exhaust presaure, during 
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which the crank is dragging the piston after it, and a 
certain amount of work is done by the crank upon the 
atmosphere. The compression shown in Fig. 104 is exces- 
sive, and would be mucn reduced with some load on. 

The diagrams in Fig. 105 are interestiEg as showing the 
large variation of load which occurs in a rolling mill. The 
s shown are not nearlyall of those described Ly the 




pencil during one set of roughing and tinishing passes. 
Fig. 106 gives a set of diagrams taken from one of Messrs. 
Hick, Hargreaves, and Company's engines titted with their 
new high-speed Corliss gear. The governor was moved 
slowly over the whole range by hand, while the diagrams 
were taken, the object being to ■ show the extensive 
range of cut off with this gear. This very wide range 
is shown better in Fig. 107, which contains diagrams taken 
from the high-pressure cylinder of one of the engines 
supplied to the Leeds Electric Lighting Works by the same 
firm. As the valve gear which produced these diagrams 
is interesting, a couple of illustrations of it are given below. 
A perspective view of a pair of engines fitted with this 
gear, is given in Fig. 108, and a detail of the valve gear is 
shown in Fig. 109. Reverting to Fig. 108, it will be seen 
that the govenior G partially rotates the spindle L during 
a change of speed, and this rotation moves the rod K 
longitudinally, altering the position of cut off. The four 
valves are operated (with the exception of cutting oft 
steam) by the single wrist plate shown in the figure, 
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worked by a single eccentric. The cut-ofF cams are 
operated by a small separate eccentric, which drives the 
rocking lever H and the rod J. , 

Passing on to Fig. 109, the rods P and Q are the 
rods J and K of the previous figure. The wrist 
plate operates the rocking lever B by means of the 
link A. The rocking lever is connected to the sleeve 
M by the link C, which also carries the pin G, 



Friction of Cnginc and Dynamo 




Part Load 





Part Load. 





Part Load 




At Half Speea During Starting. 



Fig. 107. 

upon which the cut-off detent T is supported. Inside the 
sleeve M slides the valve rod which is attached to the 
dashpot piston at one end and the valve spindle arm at 
the other. A spiral spring C S forces the dashpot piston 
home as soon as the detent T disengages with the valve 
rod.^ It will be noticed that the spring is compressed 
during the inward stroke of the sleeve M, and remains 
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compressed until the detent is released sometime in the 
next stroke so that the driving force used to close the 
Talve is always the same, no matter what may be the 
cut-off. 

Two little cams K, operated by the rod P, which is 
made to reciprocate by the small cut-off eccentric, alter- 
nately press upon the inner arms of the detents T, releas- 
ing the valve rods and allowing the spiral spring to return 
the valve rods to their zero position, thereby cutting off 
steam. The rod Q (coming from the governor) is con- 
nected to the two eccentncs EE just above the dashpot. 
These eccentrics when rotated either raise or lower the 
cams |K, thus bringing them into contact mth the 





Fig. 110. — Condensing. 



j detents T later or^earUer respectively, and consequently 
[ cutting off later or- earlier as tie case may be. The effec- 
Ktivenessofthe gear may be judged from the diagramsalrcady 
*- "•""1, - It may be interesting to know that similar engines 



10(> 



VARIATION OF LOAD. 



at the Leicester Electricity Works, having cylinders 16 in. 
and 30 in. by 80 in. stroke, are run at 96 revolutions per 
minute, and others with cylinders of 11 in. and 20 in. by 
24 in. stroke are run at 118 revolutions per minute. 

The engines at lieeds are run with a jet condenser, but 
in cjise of emergency can be made to exhaust into the 
atmosphere and still develop full power by only shutting 
ofli the condenser connection, and opening that to the 
atmosphere. Fig. 110 gives a set of diagrams when work- 
ing condensing at .S8() indicated horse power, and Fig. Ill 





Fig. 111.— Non-condensing. 

shows another set after the change over had taken place, 
the indicated horse power being 406. The respective 
steam consumptions were 14*63 lb. and 20*31 lb. per indi- 
cated horse power per hour. 

Fig. 112 shows a set of diagrams taken from a com- 
pound condensing engine working under normal load, 
while the next figure shows diagrams taken from the same 
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engine when running non-condensing without altering the 
valves. Arrows have been added to the high-pressure 
diagrams to make them more intelligible. A negative 
horse power was developed in this cylinder when working 



non-condensing. 





Pig. 112. — Diagrams from a pair of Compound Engines Condensing. 





Fig. 113. — Compoacd Condensing Engine, working Non-condensing, 

In the above instances of load variation the steam 
supply has been regulated automatically according to the 
load. In the few sets of diagrams given below the steam 
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supply has been fixed'by the ratio of expansion, the cut- 
oft l>einj( determined by the position of the reversing 



INITIAL ^NCnUNC 301 LBS. 
U. I. P 10O LBS. 
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Fig. 114. 



lever in the quadrant rack, the gear used being the 
Stephenson link motion, fitted to a locomotive. 
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The diagrams in Fig. 114 were taken from an Amerienn 
locomotive of the Mastodon type, with piston valves 
fitted with packing rings. The information printed iipon 
each diagram shows how well the piston valves distributed 
the steam to the cylinders, and the area of each diagram 
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gives an idea of the load at the time it was taken. It must 
be borne in mind that the horse power does not neces- 
sarily indicate the load on the engine. Horse power is 
made up of two factors — effort and speed, it is the 
efiort which is a measure of the load which is independent 
of speed. In locomotive work a large horse power is 
never associated with maximum effort. 

While these diagrams are before us it would be as well 
to notice one or two conspicuoiis features in them. 

The rise or hump in the exhaust line is large to begin 
with, but decreases as the cut-off is made earlier in the 
stroke. This is due to the exhaust from the companion 
cylinder, causing back pressure. This is greater as the 
pressure at the beginning of the exhaust is greater, but 
when the exhaust pressure is decreased by an earher cut- 
off, or the speed is increased, causing a more gradual 
exhaust, the hump is much less noticeable. 

The hump also appears to approach the toe of the 
-diagram; that is, the exhaust of the companion cylinder 
takes plaJce earlier as the eut-otf becomes earlier. This will 
be seen to take place if the Zeuner valve diagram be 
drawn for a Stephenson hnk motion. In the last diagraiu 
the hump is not visible, partly on account of the throttling 
■ due to the higher speed, causing the exhaust to be more 
"radual, and partly on account of the back pressure being I 
reater throughout the whole of the stroke. The eftect ot \ 
B speed on the steam line is also marked, causing wire- 
irawmg, which is indicat.ed by the sloping steam line. 
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l)iA<^niins taken fnnu the engine ^vhen running light 
are dven in Fig. 1 15. The stoiun is wire-drawn or throttled 
by tlu' partial closing of the regulator valve. 

The hunij) in the exhaust line is visible in Fig. 114, but 
less marked in the diagrams in Fig. 116, which were taken 
from a locomotive under the conditions stated below each 
diagram. The range of. load is greater than in the previous 




Notch 10, M. !•:.?. lU. 
Cut off -M Stroke. 
Siifud 1 1 milcH iHjr hour. 
1. 11. P. 34l». 




Notch 8, M.E.P. 07. 
Cut off -45 Stroke. 
Sive<l 11 miles per hour, 
I.H.P. 353. 




Notch (5, M.K.P. 74. 
Cut off "M Stroke. 
HiH.'eil 2'2 miles per liour. 
I.H.P. V>'2. 




Notch 8, M.E.P. 20-7. 
Cut-off -15 Stroke. 
Si)eed 40 miles i)er liour. 
I.H.P. 206. 




Fig. 116. 



Notch 4, M.E.P. 43-7. 
Cut off -23 Stroke. 
SiHjed 30 miles j er hour. 
I.H.P. 473. 




Notch 2, M.K.P. 100. 
Cut-off -15 Stroke. 
Speed 60 miles i)er hour. 
I.H.P. 376. 



figure, and represents fairly well ordinary express w^ork. 
The regulator was full open throughout. 

The increase of compression with the earlier cut-off is 
very noticeable, and it will be found that this must be so 
if the Zeuner valve diagram is drawn for the Stephenson 
gear. The effect of speed on the steam line is very marked 
though this is not altogether due to speed. " Linking 
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np " causes the ])ort opening to become less, and the less 
the oj)enin^ the greater the amount of wire-drawing. So 
much is this the ease that the point of cut-off becomes 
entirely obliterated on the diagram with much linking up, 
an instance of which will be found in the last pair of 
diagrams in Fig. IKJ. 




Fig. 119. — 45 miles per hour. 

The effect of speed upon the diagram is shown in 
Figs. 117 to 120, the reversing lever being half way 
between full and mid gear for the last two diagrams. 




J^iG. 120. — 55 miles per hour. 

The gradient was also as nearly as possible the same in 
both cases, though it is not recorded whether the speed 
was constant in both instances. The slower speed diagrams 
of Fig. 119 are rather fatter than those of Fig. 120, while 
the back pressure is greater at the higher speed. 

Fig. 121 was taken with the regulator half open, the 
speed oeing 87 miles per hour. The full horizontal line 
is the boiler pressure line. 
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f Friction Diagrams, — The diagrams in Fig. 122 were 
taken from a compound Corliss engine when running 
light, without any ropes on. The horizontal full lines are 




Fig. 121.— Regulator Half Open. 





Fig. 122. — Frictiou Diagrams of Compound Corliss Engiae. 

the atmospheric lines, and those dotted are the absolute 
zero pressure lines. In both pairs of diagrams the pencil 
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was in rontart with the pa])er for three minutes, so as to 
olitain a fair avcTa«ro <lia«^ram. The seale of the high- 
prt'ssun* sprint^ was Hi and that of the low-pressure 10; 
tin* lM)iliT prt'ssmv ln-ini; *M 11>. per square incn. 





P'iG. 123. — Engine Friction Diagrams. 



The [arrows in the low pressure diagram indicate the 
direction of motion of the pencil over the paper. The full 
economical load, for which the engine was designed, was 
1,300 indicated horse power, the cylinders being 25 in. and 
52 in. by 5 ft. stroke. The engine friction required 80*8 
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indicated horse power in the high-pressure cylinder and 
— 4*2 indicated horse power in the low-pressure cylinder, 
or a net friction horse power of 76*1. 

If the mechanical eflSciency were calculated on the 
assumption that the engine friction was the same at full as 
at light loads, then it would be 

1300-761 



1300 



= -94 



but the friction is greater at heavy loads, though not 
necessarily much greater. The probable efficiency at full 
economical load would be about '92, a very excellent per- 
formance. 

Another set of friction diagrams taken from a four- 
cylinder triple-expansion Corliss engine are shown in 
Fig. 123. The cylinders were 25 in., 31 in., 42 in. and 
42 in. diameter by 5 ft. stroke. The scales of the respective 
springs were 16, 10, 8, and 8. The absolute vacuum line 
is shown dotted in each diagram. The respective indicated 
horse powders were 105*8, 26*9, 4*3, and 3*9; total 141. 
The full economical load was 1,600 indicated horse power. 



CHAITKR VIII. 

THE ADMISSION AND STEAM LINES OF THE 

INDICATOR DIAGRAM. 

The Admission and Steam Lines. — The character of 
the admission and steam lines depends upon a variety of cir- 
cumstances, inchiding amount ot compression, size of ports. 




Fig. 124. — Eccentric Slipped Round on Shaft, causing Late 

Admission. 

])osition of the eccentric which drives the valve, size "of 
valve chest, len<^th and diameter of steam pipe, and the 
speed at which the engine is running. 

Typical examples of admission and steam lines will be 
found in Fig. 92, page 88, from a Corliss engine, and in 
Fig. 98 from an engine fitted with an ordinary slide valve. 




Fig. 125. — Very Late Admis&ion. 

The actual admission line should be as nearly vertical as 
possible. The diagram in Fig. 124 was taken from the high- 
pressure cylinder of a compound engine at 300 revolutions 
per minute. The compression line returns upon itself, 
and then drops down to the level of the back-pressure line 
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before it begins to rise again, showing that the steam port 
did not open at the usual time, and admit steam at the end 
of compression. 

As no steam entered the cylinder as the piston began 
its forward stroke, the steam that was compressed in the 
cylinder began to expand, bnt owing to very slight 
leakage, and probably some little condensation on the 




L&te Admission 



walls of the cylinder, the expansion line is steeper than the 
compression line. When the forward pressure nad reached 
the back pressure, the valve began to open the port to 
steam, and the admission line is sloping slightly forward. 
This slope is due to the opening being somewhat slow, and 
the difficulty the steam has in following up the retreating 
piston, and maintaining full pressure. 

The eccentric had slipped backwards on the crank 
shaft, causing the diiferent events to occur later than they 
ought to have done. 



127.— Late Admission. 

Another and more marked ease of late admission is 
shown in Fig. 125. If the valve and piston were quite tight, 
and there were no appreciable condensation, there would 
be no loop at the end of the diagram, and the downward 
part of it would return along the compression line, until 
admission began. 

The actual shape of the admission line may not always 
be the same, though perhaps in a great measure due to the 
same cause. 

For instance, in Fig. 120 we have the right-hand end 
rounded and the left-hand end pointed ; while in Fig. 127 
I it ia actually a cusp. 
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It is a question of the relative influences of a number 
of causes. 

In l>oth Fi<?s. 120 and 127 there was too much outside lap 
on the valve at both ends, which gave no lead and very small 
port o])enin«i^. The other features of the diagram are quite 





Fig. 128.— Valve Rod of wrong length in upper diagrams, normal 

length in lower diagrams. 

regular, except that cut-off takes place earlier than it should 
with normal lap. 

Fig. 128 shows late admission at the head end of the 
cylinder and correspondingly early admission and cut-off 
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Fig. 129. 



at the crank end, due to the eccentric rod being the wrong 
length. Normal diagrams are also given after the valve 
rod had been re-adjusted. 



I The 
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The diagrams in the next figure (129) were taken iroiii 
pair of higli-pressure side-by-side engines, the lower uiies 
3ing taken under normal conditions of working. The 
upper diagrams, it was stated, were due to the eccentric 
having slipped round on the shaft, causing late admission, 
&c., but it IS much more likely from their appearance that 
the indicator cord was attached to the valve spindle or to a 
wrongly-arranged reducing mechanism. The crank end 
diagram begins at C, admission taking place after the stroke 
has commenced. Expansion begins near the end of the 
stroke and is apparently half completed at A. Similarly 
the other diagram begins at D, the point E being in the 
expansion curve. The reason for thinking the above 
diagrams to bo due to defective reducing gear, rather than 
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Fig, 130, — Eccentric set backwards, 

a badly-set eccentric, will be evident on examination of 
the next figure (130) which is a diagram obtained 
when the eccentric was set much too far behind its proper 
position. Release takes place at B, and admission at A. 
There is no compression, and what expansion there is is 
almost useless. If the eccentric (Fig. 129) did slip back- 
wards, and the reducing gear was correct, then the exhaust 
must have occurred immediately after A and B, with very 
slow opening of the exhaust ports. The author considers 
tho defective reducing gear as the most likely explanation. 
An instructive set of diagi-ams are given in Fig. 131. 
They were taken from the high-pressure cylinder of a 
three-stage compoimd engine, at intervals of twenty 
minutes, their order being indicated by the numbers 
attached to them. Steam was admitted to the inside 
edges of the piston valve of that cylinder. Just after the 
last diagram was taken, the top valve liner came out of its 
place. The gradual lifting of the liner caused a diminishing 
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Fig. 131.— From High-pressure Cylinder of 3-stage Compound, 2 taken 
twenty minutes after 1, and 3 twenty minutes after 2, after which 
Liner came out of Valve Chest. Steam admitted inside. Admis- 
sion got later as Liner lifted. 





Fig. 132. 
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port area, and an increased lap on that edge of the valve, 
with earlier exhaiist, and this is well shown in the left- 
hand diagrams of nuiuLers 2 and ^. 




engine). 

The diagrams in Fig. 132 were tiikeu from a Corliss 
engine, the upper ones, when the valves were wrongly set, 
giving 110 compression and late admission, while the port 
opening was much less fur the head end than the crank 




end, caused by too much lap. After a re-R(iiustnient of the 
valves the lower diagrams were taken which show a much 
more even distribution of steam. The eccentric was 
advanced and the length of the eccentric rod adjusted. 
In Fig. 133, the upper pair of diagrams show late admis- 
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sion with unequal cut-ofi at the two ends of the cylinder 
(Corliss engine). When the diagrams were taken the 
engine was pounding badly at each end of the stroke. The 
eccentric was advanced, after which the lower diagrams 
were obtained, showing good normal working. 

A certain amount of compression seems to be necessary 
to prevent a large engine from pounding at the ends of 
the stroke. 

In Fig. 134 a similar state of aflairs prevailed, but worse 
in degree. The eccentric required advancing considerably, 
After readjustment the lower diagrams were taken. 

Fig. 1 35 shows too early admission, the line being inclined 
backwards instead of vertical. This was due to the valve 
being displaced along the valve spindle beyond its normal 
position, giving increased lead. 




Fig. 135. — Early Admission. 

An instance of* excessive advance of the eccentric 
(single valve engine) is shown in Fig. 136. Admission 
occurs too early by at least 30 per cent of the stroke, and 




Fig. 136. — Excessive Advance of Eccentric. 



the exhaust is about as much too early. Here the cut oft' 
was late. With an early cut off", it is possible to get the 
expansion line under the compression line. 
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Apparent excessive compression, causing a loop at the 
ti>p of the diagrams, is shmv-n in Fig. 137. These w-ere taken 
from an engiue fitted with a variable ciit-oli' gear. The 
valve had iVin. lead in fiiU g<3ar, and -5 in. -travel. It was 
running at time the diagrani.s were taken at 270 revolutions 




CompiessioQ, bi 



?ftl]y furlj AdmlBslon, 



c 



■T minute, and the boiler prossuix- (indicated by the dotted 
ine) was 1621b, per square inch by the gauge, while the 
tops of the diagram are 40 lb. above this. The loops are 
not due to compression, but to early admission, and the 
Inertia of the moving parts of the indicator. Admission 
begins at A in both diagrams. (See also Fig. 139J. 

A very early as well as excessive compression is shown 
in Fig. 140, where a Tiick valve was used. It was taken from 
the high-pressure cylinder of a compoiind locomotive. 




Fig. 138 — Section of an AlJan-Tnck Slide Valve. 



»In locomotive work, when the valve gear is notched up 
near the centre, and at high speeds, compression is almost 
always excessive, and a loop often occurs, though this can 
be diminished if sufficient port area be allowed, through 
which the exhaust steam can find an exit without the usual 
throttlin; 
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Fig. 1*S9 clearly indicates that the Allan-Trick valve is 
not necessarily responsible for excessive compression ; but 
ii is really duo to too much lead bein^ given to the valve. 
In Fig. VM) the arrows show the beginning of admission. 
The lead was a maximum in the uppermost diagrams and a 




Fig. 139.— Diagrams from a locomotive fitted with an Allan-Trick valve. 

minimum in the lowest diagrams. The wavy compression 
line is characteristic of the Allan valve, and is probably due 
to the steam imprisoned in the valve cavity being released 
into the cylinder during the early part of compression. 
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'a. 141 and 142 contain diagrams taken from a loco- 
motive nmning backwards, when the reveraing lever was 



in the centre notch. 




Fig. 140. — Taken from Che higb-prei^surecjlinder of AComponnd Loco- 
motive, cut oft -3 Htroke speed 12 miles per hour ; boiler preeanre, 
1351b. AUan-Trick slide vslvea. 

It will be seen that compression begins at about mid 
stroke, and that admission Ijegins sometime previous to the 




liigbt Cylinder. 

end of the stroke at one end of the cylinder, with the 
result that the' steam line up to cut-^jfl forma a sort of beak 




— llanning BavkwarJE 



to till.' diagnuiL, Exhaust comraecces nt about half sti-nke, 
nnd quite a considerable percentage is cora[)leted without 
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any pressure at all. This is only what we should expect 
with such excessive linking up. A Zeuner diagram 
shows it nicely. 

AVhen working at a high speed, or with restricted port 
openings, the parts of the steam line before and after cut-off 




Fig. 143.— Speed, 48 miles per hour, Linked up three-quarters of 

Range from Full Gear. 

often appear to be the same curve, or nearly so. This is 
especially the case in locomotive practice, and to a certain 
extent in marine practice. 

An instance is given in Fig. 143, which was taken from 
a locomotive, and another in Fig. 144, which was taken from 
a four-cylinder triple-expansion marine engine working at 
about one-fifth maximum load, or one-fourth full economi- 




FiG. 145. 

cal load. A still better example is shown in Fig. 145, which 
was taken from the low-pressure cylinder of a compound 
locomotive, cut oft' '42 stroke. Point of cut off entirely 
obliterated by wire drawing. A fourth example is given 
in Fig. 146, where the real points of cut-oft are at A and 
B, the apparent expansion curves being due to very 
restricted port openings. 
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Fig. U4. 
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The iiiflii!»nco of a sioall steam pipe is well shown in 
Fit'. 147, l»v tho admission lino of the steam chest diaof ram 




Fiii. lUS.— Hestricted Port OpeDiD((9. Speed, 60 revolutions. Real 

Points of Cat-ofTare A and B. 

slopiii'^ (.'oiisilrriiblv aft')r the beginning of admission to 
the i-vlind.T, ami at the samo time it approaches very 




Fui. 147. 

closi'ly the steam line of the cylinder diagram. This shows 
a detieienuy of steam in the steam pipe and separator if 




Fig. 148. 
there is one, but as the steam chest steam lir.e follows 
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closely the steam line of the cyliuder, the steam has little 
difficulty it getting from one to the other, and hence the 
ports do not offer ranch resistance, that is, they are of 
ample proportions. 

The next figure shows more port resistance, the two 




steam lines being separated further apart, while there U 4 
still too small a steam pipe. 

Fig. 149 indicates that the steam pipe is large enough, 
but the port resistance is excessive. 

The shape of the steam line is dependent somewhat on 
the receiver or steam-pipe volume. The dotted diagram 
in Fig. 150 was taken from the valve ehest of a ctimpunnd 




Fn^ loO.— Uotted DlHgram from L f. Ste; 



engine in which there was no receiver, and consequently a 
considerable fluctuation of pressure showed itself in the 
valve chest. There were 2 ft. of 5 in. pipe between the 
cylinders. 

Throttling or wiredraw! n;g, due to contracted port 
area, is shown in Fig. 1.51, the diagrams being taken from a 
horizontal tandem compound engine with an expansion 
.ilide viilve in the high-pressure valve chest. The cylinders 
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were 23 J in. and 44 in. by 5 ft. stroke, and the speed 60 
revolutions per minute. 

The dia»^rams are "combined," the high-pressure 
diagram being reduced in length in the ratio of the piston 
areas, for the purpose of comparing them with those which 
might be expected from an ideal engine.* We shall return to 
the method of combining diagrams in a future chapter, and 




Fig. 151. —Much Loss of Area between Diagrams and Wire-drawing in 
High-pressure Steatn Line due to Contracted Passages. 

also to the application of the hyperbolic curve. All we 
shall state at present is, that the hyperbolic curve approxi- 
mately coincides with the actual expansion curve in the 
best practice. (See page 181). 

In Fig. 151 a considerable amount of throttling is shown 
in the steam line of the high-pressure cylinder due to the 
small opening permitted by the cut-oft' valve. « 

There may be some leakage into the high-pressure 
cylinder. There is further a lot of throttling between the 
cylinders, entirely obliterating the point of cut-off in the 
low-pressure cylinder. 

The loss of area caused by wiredrawing is not so much 
a loss of heat, but the engine is not Avorking up to its full 
capacity, and its mechanical efficiency is reduced. The 
best results are generally obtained without much wire- 
drawing. 

It is difficult to distinguish betAveen leakage into a 
cylinder and wiredrawing without testing the valve for 
tightness. 

The diagrams in Fig. 152 were taken from a horizontal 
tandem compound engine, with cylinders 18 in. and 34 in. 
by 42 in. stroke, the speed being 60 revolutions per minute. 

* For methods of combining diagrams, see page 175. 
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The cylinders were lagged and fitted ivith ordinary slide 
valves. 

There ia considerable wiredrawing in the high- 
pressure steam line, and also in the low-pressure steam 
line, due to restricted openings. There was no luw- 




i;. 15:i.— HoriKimlal Corapouiiil Tandem Engine. Cjlfndera, 18 ij 

and :{4 ia. by 42 in. sCcol^e. Kavolaciutjs (iu. Much ThrottllDg 

in Uigh-pFesBare Steam Line, aoil Low-piesaure Ports. 



pressure receiver, but 7 ft. of fii 
together. Thu dotted diagnim \v 



. piiie connected them 
s laKen from this pipe. 
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The gap between the cylinders is very large, and should not 
occur at so low a speed with properly designed ports and 
valve gear, though some drop in pressure must occur. An 
examination of the typical diagrams of economical working 
will give a fair idea as to how much is most suitable. 




Fig. 153. — Verticul Compound Side-by-side Engine. Cylinders 17 in. 

and 29 in. by 36 in. Revolutions, 70. 

The diagrams combined in Fig. 153 show no drop at all, 
and were taken from a vertical compound side-by-side 
engine, cylinders 17 in. and 29 in., by 3 ft. stroke, running 
at 70 revolutions per minute. The cylinders were lagged, 




Fig. 151— Horizontal Tandem Corliss Engine. Cylinders, 17 in. and 
30 in. by 5 ft. Stroke. Revolutions, 70. 

the high pressure being fitted with a cut-off valve. The 
two diagrams were not taken simultaneously, as the 
indicator had to be changed over from one cylinder to 
another, only one being available. A slight change of load 
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between the two indications will account for the absence 
of drop. The diagraijis are individually very good. 
Though this method of indicating cannot always be avoided, 
it should never be resorted to whenever accurate results 
are required. 

In Fig. 154 we have the same sort of thing, only in a 
more aggravated form ; the steam line in the low-pressure 
diagram being higher than the exhaust of the high- 
pressure diagram. They Avere taken in this instance from 
a tandem engine whose high-pressure cylinder was fitted 
with Corliss valves. 





Fig. i 155.— Head End Diagram, Tandem Engine. M.E.P. High, 39 2 lb. 
per square inch. M.E.P. Low, 18 3 lb. per square inch. Barometer, 
14*93 lb, per square inch. Boiler pressure, 73 lb. Revolutions, 
40 per minute. 

The simultaneous indication of the cylinders of an 
engine prevents an unfair use being made of the indicator. 
In Figs. 155 and 156 the diagrams were taken from a tandem 
compound engine for the purpose of obtaining the indicated 
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horse power ; but it was not possible to use more than one 
indicator. After the diagrams were taken and measured 
up it was discovered that the steam pressure in the low- 

})ressuro cylinder at A and B was in excess of the exhaust 
rom the hijjfh-pressure at the corresponding points A and 
B. The engine was again indicated, but this time with a 

fair of indicators and no such result was then obtained, 
t was afterwards discovered that the engine attendant 





Fig. 156. — Crank End Diagram. Tandem Engine, High-pressure 
Cylinder, 22 in. diameter ; Low-pressure Cylinder, 40 in. diameter ; 
Stroke, 6ft.; M.E.P. High, 394 lb.; M.E.P. Low, 17-91b. 

had opened, with his foot, the bye-pass for admitting high- 
pressure steam into the low-pressure valve-chest at starting, 
the object being to make the engine appear more economical 
than it really was by developing a larger horse power on 
the same consumption of coal. 

The diagrams shown in Fig. 157 were taken with a Tabor 
indicator from a Westinghouse compound engine at 280 
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revolutions per minute, the spring used being number 60. 
The drop there shown is about the normal quantity with 



this class of engine. 




Fig. 157.— Diagram taken with a Tabor iDdicator from a WestiDg- 
house Compound Engine at 280 revolutions. Boiler pressure, 120 lb. 

Spring 60. 



Another case of leakage into a cylinder is shown in 
Fig. 158. The cylinders were Sin. and.l4 in. by 16 in. stroke 




Fig. 158. — Horizontal Compound Non-condensing Portable Engine. 
Leakage of Steam into Low-presfeure Cylinder. 

and the speed 125 revolutions per minute. There was a 
device attached to the regulator in this engine for 
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allowiii^^ hoiler steiuii to enter the low-pressure steam chest 
at startiii*;. and there was a continuous leakage into the 
lc»w-j)ressure valve chest while the engine was at work. 
The cut-oft slide valve in the high-pressure cylinder did 
not o|K'n the j)oil sufficiently to prevent the throttling in 
tin? high-pressure cylinder. 

Figs. l.")l)and 1 «)0 present another instance of leakage. The 
former diagrams were obtained when the engine was work- 
in:; undrr normal conditions, while the latter set show how 





Fig. 159.— Horizontal Compound Engine. Cylinders, 20 in. and 36 in. 

by 54 in. Revolutions, 51) per minute. Diagrams Show Leakage. 

I.H.P. High, 202. Low, 110. Total, 312. 



it was AV'orking when the cut-off valve in the high-pressure 
valve chest was out -of order and not working. The steam 
consumption under the latter conditions was 13 per cent 
greater than when the cut-off valve gear was working, 
There appears to be an unequal cut-off in Fig. 159, with 
leakage into the high-pressure cylinder during one stroke 



and out of it during the other. 



CHAPTER IX. 

THE EXHAUST AND COMPRESSION LINES. 

The Exhaust and Compression Lines. — The actual 
shape of the exhaust Hne is influenced by the cut-off, the 
speed and the relative dimensions of the valve aad porta. 
Fig. 161 shows an exhaust line PQ taken fronn a small engine 




those of Fig. 49, but 
vorliing, I.HP. 
58 per ni * 



Fjg. l(il .—Speed. 2m reYolutionB per minute. Cut-off, J stroke. 

fat 200 revolutions per minute, the ports being of 
imeusions ; but when the eccentric is shifted across 
't* cutting off and exhausting earlier in the stroke, 
'As in Fig, 195. — 
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thu exhaust lino then appears like a miniature expansion 
curve, which is in a measure really what it is, the opening 




Fk;. 162.— speed **dead hIow." C a t-oiT, | stroke. 






Fig. 163.— Faulty Exhaust Lines. 



not hcin^ large enough to allow of the rapid egress of the 
steam.* Fig. 162 shows a diagram taken when the engine 



* See also Figs. 93 to 95. 
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was running dead slow, and indicates that although the 
opening may be small, the piston is moving so slowly that 
the steam easily finds its way ont of the cylinder before 
the piston has moved up to tue end of the cylinder. 

Late release is shown in the uppermost diagram of 
Fig. 163. Here the piston has returned along 25 per cent of 
the back stroke before complete release has been accom- 




plishod. The middle diagram indicates late release coupled 
with much throttling in the exhaust port, the opening 
being very small. The loweat diagram exhausts in good 
time, but on account of too much inside lap to the valve 



the 



opening was 



too mucti reduced and considerable 



throttling takes place while the piston is moving quickly 
near mid-stroke producing back pressure. 




Something of a similar nature is indicated in Fig. 164, 
which contains a couple of diagrams taken from a non- 
condensing Corhss engine. 

The movement of the exhaust valve, in the direction of 
, opening, was too mucli, as it began to close the port 
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Fk;. IW^.— Revolutions, 19 per minute. Brake Load, 200 lb. 



Fiu. 167.— Revolutions, 36 per minute. Brake Load, 200 lb. 




•^m- 




Fig. 168.— Revolutions, 60 per minute. Brake Load, 200 lb. 




Fig. 169.— Revolutions, 30 per minute. Brake Load 100 lb. 




Fig. 170.— Revolutions, 96 per minute. Brake Load, 100 lb. 
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before commencing to return. This caused the rise in 
pressure in the exnaust line. 

The high-pressure diagram from a compound engine ia 
given in Fig. 16-5, in which the valve was not situated 
centrally with respect to the porta, the opening on one side 
being greater than on the other, causing throttling in one 
diagram, but not in the other. 



1.— RevolutloQfi, 02 per minute. No Ijiad. 



Fig. 17:; No Load. Kxhauat much Crlppli'd ut tbe Higher Speed. 



The next three figures show the influence of speed on 
back pressure, when the load ia maintained constant. At 
the low speed of 19 revolutions the back pressure was 
small ; at 36 revolutions it had not increased very much, 
but at 66 revolutions per minute it was excessive. 

Two more diagrams taken at a different load are given in 
Figs. 169 and 170 from the same engine, in which the in- 
fluence of speed is very marked. 

The diagrams in Figs. 171 a-nd 172 were taken at no load. 
It is well shown here that the back pressure is not due to 
the puff at the instant of release, but to the pushing out 
of the eyhnder full of steam by the piston during the 
i-eturn stroke, the opening not being large enough for the 
steam to pass out through without considerable resistance. 

The right-hand diagram of Fig. 173 presents a very odd 
appearance. It is only the exhaust line which is 
deranged, and it is due to the spindle of the exhaust 
valve "being broken while it was covering the' port, so that . 
steam wotild be admitted as usual during the forward 
stroke, but would not be exhausted, and as the piston 
returned it would compress the steam again. The differ- 
ence between the steam and compression lines is due to 
loss of pressure caused by leakage past the piston, or past 
the exhaust valve, or both. 
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The next pair of diagrams was taken from one side of 
a Vauclain compound locomotive, running at a speed of 
over 70 miles per hour. The high back pressure in the 
low-pressure cylinder, and the throttling between the 




Fig. 173.— From a Corliss Engine Cylinder, one of the Exhaust Valve 

Spindles of 'which was broken. 

cylinders, is due to the speed at which the engine was 
running, the piston speed being near 1,400 ft. per minute. 
The diagrams were taken with a Tabor indicator. 




Fig. 174. — Taken with Tabor Indicator from Vauclain Compound 
Locomotive. Speed over 70 miles per hour. 

The diagrams in Fig. 175 were also taken with a Tabor 
indicator from a locomotive at 7 miles per hour, working 
with 170 lb. per square inch boiler pressure. The peculiar 
humps in the exhaust lines are due to the puffs at 
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release from the other cylinder, temporarily increasing the 
back pressure. This is only noticeable with high release 
pressures, and disappears as the cut-off becomes earlier 
through linking up. This is very noticeable in the set 
of diagrams previously given on page 108. 




Fig. 175. 



When running down hill with the regulator shut, the 
steam cylinders of a locomotive behave much in the same 
manner as pump cylinders for a portion of each stroke. 




Fis. 176. — PumpiDg Diagram, Head End. 




Fig. 177. - Pumping Diagram, Crank End. 

During the back stroke. Figs. 176 and 177, we have compres- 
sion as usual, until the pressure becomes great enougn to 
force the valve off" its lace, soon after which the valve 
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opens the port to the valve chest and the piston begins 
the forwara stroke, but without any steam to drive it; 
hence as the volume of steam chest pZtw cylinder expands, 
the pressure fiills slowly till cut-off takes place, when the 
air in the cylinder expands and there is a more decided 
drop in j>ressure ; in tact, we get the expansion line shown 
in tiie dia«,'rams. When the exhaust port opens, air comes 
into the cylinder through the blast pipe ana exhaust port, 




Fig. 178. 

which raises the pressure to the back-pressure line. 
During the returnof the piston the air which came in at 
the end of the previous stroke is pushed out again, until 
the valve closes the exhaust port and compression begins. 
In the above diagrams, the maximum vacuum was 9 lb. 
])er scjuare inch, and the maximum pressure above the 
atmosphere lOv) lb. per square inch. The mean effective 
pressure would be about 6' 5 lb. per scjuare inch, acting in 
opposition to motion. 



CHAPTER X. 
VALVE CHEST AND STEAM PIPE DIAGRAMS. 



Valve Chest Diag^rams. — The few following diagrams 
were taken from the steam chest, and show the fluctuation 
of pressure that takes place there, which is in a measure 
an indication of the adequacy of steam-pipe sectional area. 
Fig. 178 is a diagram taken from a small vertical high-speed 
engine under full load at a speed of 350 revolutions per 
minute. The horizontal line below the diagram is the 




Fig. 179. — Showing Variation of Pressure in Steam Chest at 

Moderate Load. 

atmospheric line. The steam was cut oS at half stroke. 
As soon as the valve opened the port to steam the pressure 
dropped, as shown at A and C. At B the steam supply 
w^as cut off, and the pressure almost immediately rose to 
1 he boiler pressure. The length of steam-pipe was about 
85 ft., and a separator was fitted next to the engine. 




Fig. 180. — Steam Chest Diagram, at Full and no Load. 

Fig. 179 shows how the steam pressure may be varied in 
the valve chest when working with a throttling governor. 
The load was light, and the speed 200 revolutions per 
minute. 

In the next figure full and light load diagrams are 
given, at a speed of 350 revolutions per minute. 
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In Fi«^^ ISI wt? hsivo diaj^'ninis from a locomotive running 
at a siM'cd of 4s niil(»s \)vt hour. Valve chest diasrrams 




Fk;. 181. — Steam CheHt and Cylinder Diagrams from a Locomotive. 

Speed, 48 miles per hour. 

from locomotives may vary to an enormous extent, and as 
the pipes coimectin*^' the valve chest to the indicator are 
not as a rule short, a considerable amount of oscillation 
often occurs. 






Fig. 182. — Steam Chest Diagrams. 



Referring to the figure, the cylinder was commencing 
to take steam at A, which continued up to about B, after 
which the pressure rose to that of the boiler at G. There 
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is a certain amount of oscillation which rounds ofE the 
corners, and the length of the connecting pipe causes a 
certain amount of lag, so that the changes in pressure in 
the valve chest diagram appear to lag behind those which 
we should expect to occur. 

At C the companion cylinder takes a charge causing a 
reduction of pressure. At E the first cylinder again takes 
steam, and the diagram is traced through F, and after cut- 
off the pressure rises to the boiler pressure, until at G the 
companion cylinder takes another charge. 

Another set of steam chest diagrams is given in Fi^. 182, 
The uppermost was taken from a Corliss engine running at 
70 revolutions per minute, the cut-off taking place at 20 
jiercentof the stroke. The maximum tiuctuarinn was Itilb, 




per stiuare inch. The second diagram was taken from a 
similar engine at (iO revolutions per minute, but with a 
separator of inadequate volume. The third diagram was 
taken after a larger separator had been fixed. The last 
diagram was obtained from a compound Corliss engine, 
which was fitted with a separator of moderate capacity. 
The fluctuation is quite small. 

The next diagram, Fig. 1S3, was taken from a McNaughted 
beam eD^ine, the cylinder and steam chest diagrams oeing 
taken with different rigs, causing their lengths to be 
different. If the latter diagrams were expanded to the 
same length of stroke, it would be found that its features 
would agree very well with those of the cylinder diagrams. 
In connection with the matter in this chapter the 
following figures in other parts of this work should also 
be .studied: Figs. 8.i, HP, 120, 121, 143, 147, 148,14!), 
loO, 175, 1D7, 108. 202, and 203. 
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ADJUSTMENT OF THE SLIDE VALVE. 



Valve Setting: by the Indicator— The state of adjust- 
ment of the valves in a steam engine can be much more 
readily and certainly ascertiiined by the use of the indicator 
than in any other manner. Many of the diagrams already 
given fonn exercises in valve setting, but those immediately 
following were taken during the adjustment of the slide 
valve, and consequently are more suitable for examples just 
here. 

A small engine, which the author used, was fitted with 
a piston slide valve without rings. It was found that a 
considerable amount of leakage took place past the valve. 
It was then decided to try another piston valve in its place 
with packing rings, but which had not been made for the 
engine in question, though of the same diameter and 
approximately of the same dimensions elsewhere. The 
valve was put in place and the diagrams (Fig. 184) taken. 
As one diagram (head end) is very full while the other is 
hardly visible, it is evident there is a large opening at the 
head end and probably none at the crank end, the small 
diagram there shown being due to leakage. If the port 
did open, it would only be an infinitesimal amount. The 
valve was then raised about a quarter of an inch by 
adjusting a couple of nuts on the valve spindle. The 
diagrams Fig. 185 were then taken, but still the valve was 
too low. It was then raised another sixteenth of an inch, 
with the result shown in Fiof. 186. After beim? raised a 
sixteenth more, the diagrams in Fig. 187 were taken, which 
show that so far as the length of the valve spindle is 
concerned the valve has been properly adjusted. But 
admission is late, and the cut-on, which was set at 
three-eighths of the stroke for the old valve, is 
much earlier with the new valve. This indicates 
that the valve opened late and closed early ; in other 
words, there was too much outside lap on the valve. After 
removing the new valve, and comparing it with the old 
one, it w^as found to be a quarter of an inch longer than 
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Fig. 184. 




Fig. 185. 




Fig. 186. 




Fig. 187. 




FiG.» 188 Speed, 350. 



* The peculiar shape of these diagrams at A and B is probably due 
to the sudden rush of steam at the beginning of admission, carrying 
the pencil much above its true position as in Fig. 106 ; and then being 
held there by friction until t)ie steam pressure rose high enough to 
carry the pencil still higher. The true shape of the admission line 
would be a. line joining the end of compression to the curve at the 
beginning of the horizontal part of the steam line. Compare this true 
admission line with those in Figs. 187, 126, and 127. 
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Fig. 189.— fths cut-off. Speed, dead-slow. 




Fig. 190.— Speed, 163 revolutions. 




Fig. 191.— gths cut-off. Speed, 212 revolutions. M.E.P., left, 42 ; 

right, 521b. per square inch. 




Fig. 192. — Speed, 288 revolutions 
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the latter. • This was nearly all removed in the lathe, and 
Fig. 188 taken at 350 revolutions per minute. At this 
speed there was still evidence of late admission. A little 
more of the lap was removed, and Fig. 189 taken. The 




Speed, 196 revolutions. M.E.P. Jn each cylinder 53*5 lb. 

per square inch. 




Fig. 193.— Speed, 334 revolutions. M.E.P. in each cylinder 51 lb. 

per square inch. 




b'iG. 194.— Cut-off, J, gths, i, and §th». of stroke. Revolutions, 200. 
Steam, 1371b. per square inch. Spring, 64. 

diagrams there are about equal in every detail, and it may 
be assumed that the valve was properly set. The speed a**- 
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which they were taken was only a few revolutions per 
minute. At 1C8 revolutions the diagrams Fig. 190 were 
obtained, which are quite satisfactory. At 212 revolutions 
l)er minute those in Fig. 191 were taken ; and, further, 
those in Fig. 192 at 288 revohitions. While the cut-off is 
about the same in both strokes the opening at the head 
end must have been less than at the crank end, for on 
shortening the valve spindle, by removing a zinc liner 
from the eccentric rod, the diagrams in Fig. 193 were 
obtained at 190 and 384 revolutions per minute respec- 
tively. 

The effect of a slight error in the length of the valve 
spindle is also more noticeable with an early than with a 
late cut-off. The dia^^rams in Fi<?. 194 were obtained when 
cutting off steam at Jths., i, ^tlis., and \ of the stroke, 
respectively, the whole being traced on the same sheet, and 
on the same atmospheric line after the diagrams w^ere taken. 




>«s 



/ 



Fig. 195. 



The speed was 200 revolutions per minute, and the boiler 
pressure 137 lb. per square inch. The stop valve was full 
open. At the latest cut-off, there is an indication that the 
valve spindle was slightly short, giving a little more open- 
ing to the head end than the crank end of the cylinder. 
But at I cut-oft' there is an increase in the difference 
between them. 

The alteration in the cut-off was effected by shifting the 
eccentric across the shaft, as shown in Fig. 195. OB is the 
])osition and length of the virtual eccentric arm, B being 
the centre of the eccentric at -|ths. cut-off*. 
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On one occasion the eccentric was moved till its centre 
was at D, just on the under side of the centre line, in which 
case it would just run backwards when once started, and 
the diagrams in Fig. 196 were taken. There was no load 




Fig. 196. — RuDDing Backwards. Much Leakage' 

Ruuning Light. 

on at the time. The work of turning the shaft was done 
ahnost by the leakage past the valve, as it scarcely opened 
to steam with this position of the eccentric. It will be 
noticed that cut-off takes place almost simultaneously with 
XI d mission, and exhaust begins at half stroke. 

With Corliss engines the valves distribute the steam 

Boiler Pressure 




Fig. 197. — TSngine runninjr at 40 revolutions per minute and under 

ordinary conditions. 

more perfectly than a single valve. Figs. 197 and 198 show 
very even distribution at both ends of the cylinder of a 
Corliss engine, with a very wide range in the cut-off, while 
Fig. 199 shows very unequal valve setting. 

In Fig. 200 are two sets of diagrams taken from a loco- 
motive, indicating bad valve setting. The eccentric rods 
were not of the right length, giving too much opening 
at one end and too little at the other. After resetting, the 
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diaj^niims in ¥\<r, 201 were obtained, f^iving a more even 
distribution of steinn. 



PmUr Prtumrt 





Fm. 198. — Engine rannins; at 67 revolutions per minute under 

abnormally heavy load. 

Fig. 202 shows two sets of diagrams, also taken from a 
locomotive, the upper set at 198 revolutions and cut-off at 
TTfths. of the stroke, the regulator being full open. The 
valve travel was in., the lap IJin.. Jin. inside clearance. 




Fig. 199. — Diagrams from the high-pressure cylinder of old Marine 

Compound : 
MEPtop = 27 -3 lb. 
MEP bottom = 46-4 lb. 

Very uaequal valve setting, also much wiredrawing before cut off in 

left diagram. 

no lead in full forward gear, and J in. negative lead in full 

backward gear. A new valve having ^ in. less outside lap, 

in. inside clearance, -^ in. lead in full forward gear, and 
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■^\ in. m full backward gear, was put in, and the second set 
of diagrams obtained with the regulator three-quarters open. 





Fig. 200. — Locomotive Diagram, illustratiog Bad Valve Setting. 
Upper Diagram, Ist notch ; Lower Diagram, 3rd notch. 

Speed, 200 revolutions. 





Fia. 201.<»Dia8rams taken after Valves in previous figure had been 

Re-set. 
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Three other sets from the same qngine are given in 
Fi<(. 20.S. The iirst set was taken at starting, the M. E. P. 
being 16() lb. per square inch. The second set was taken at 
88 revohitions, the cut-off being ^r) and M. E. P. 85 lb. per 
square inch ; while the third set was obtained at 240 revolu- 





FiG. 202.— Top Diagram, 198 revolutions. Cut-off, ^^ths. Regulator 
Full Open. Valve, 6 in. Travel. Cylinders 19 in. x 24 in. 14in.lap. 
^th inside clearance. No Lead in Full Forward Gear. ^ Negative 

Lead Full Back. 

Bottom Diagram. Same Eagine. New Valve. 192 revolutions. 

Igths lap; ,%th8 in Clearance. ^Vnd Lead Full Forward. 

cVth Full Back. Regulator f Open. 

tions, with a cut-oli of '25 stroke and M. E. P. 49 lb. per 
square inch. The distribution is very even throughout. 

Diagrams relating to valve setting might be multiplied 
almost without limit. Those already given serve to indi- 
cate the method of attack. As it is necessary to know full 
details as to the kind of engine, valve gear, speed, kind of 
indicator, and a host of other matters before some 
diagrams can be properly analysed, it is not proposed to go 
further into the steam engine diagram, with the exception 
of one or two examples of bad designs immediately 
following. 
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Meyer Expansion Valve. — A valve gear containing a 
separate expansion valve, working in conjunction with an 
ordinary distributing valve, will, when badly adjusted or 
designed, give a great variety of peculiar diagrams. Fig. 204 






Fig. 203. These 3 Sets of Diagrams were taken from same Locomotive 

as previous Diagrams. Fig .91. 
1st at sUrtiDg B P=180, M.E.P. 166. 

2nd at 88 revolutions per minute. Cut-off, -35. M.E.P. 85. 
3rd at 240 revolutions per minute. Cut-off, '25. M.E P. 40. 

was taken from an engine fitted with a Meyer gear, in which 
the cut-off plates overran the ports in the main valves 
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before cut-oft* by the latter took place, thereby permitting 
steam to enter the cylinder near the end of the stroke. 
The dotted toe was due to the same cause on another 
engine. Another instance of readmission is shown in 




Fig. 204. — Showing Ue-adinission of Steam. 

Fig. 205, where the cut-oft plates were too narrow, and at 
the same time the indicator used was too heavy. The dis- 




Fk;. 205. — Re-admission with Gear Badly Designed. 

tributing valve was set with more lead on one side than the 
other, causing unequal compression and cut-oft*. 




Fig. 206.— Meyer Gear. Distributing Valve has too much lead. 

Fig. 206 is also from an engine fitted with a Meyer gear, 
in which the distributing valve eccentric is too much in 
advance of the crank, causing very early compression. The. 
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next figure shows the opposite efiect, the distributing valve 
eccentric not being set tar enough in advance of the crank, 




Fig. 207.— Meyer Gear. Distributing Valve tco late. 



with the result that steam does not enter the cylinder until 
the piston has moved through part of its stroke. 



CHAPTER XII. 



PUMP DIAGRAMS. 



Water Pump Diagrams.— A diagram taken from one 
end of a waterworks' ])imip cylinder is given in Fig. 208. 
The speed is necessarily slow, and the head against which 
the water is being forced is constant. 



(k- 



Fig. 208. — Waterworks Pump Diagram. 

The next diagram, Fig. 200, was taken from a boiler 
feed pump. The temperature of the feed was not stated, 
but was probably high, as some of the stroke was occupied 
in compressing the vapour and air in the pump cylinder 




Fig. 200.— Feed-pump Diagram. 

before any feed was forced into the feed pipe. The reverse 
is shown on the suction stroke. Only about half of each 
stroke is usefully employed. 

Circulating: Pump Diagrams. — Fig. 210 was taken 
from a circulating pump attached to a marine engine, in 



(JlRCJULiLTINa PUMP DIAGBA.MS. 



161 




Fig. 210. — From Circulating Pump of a Marine Engine showing exces- 
sive pressure due to Cramped Valves and Passages. Maximum 
pressure 81 lb. above atmosphere. 





Fig. 211. — Diagram from Circulating Pump of Marine Engine, ample 
Valves and Passages. Top Diagram, 36 revolutions ; lower, 59 
revolutions. 

M 
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which the delivery passages were very cramped, causing 
much resistance to the motion of the water. 

The next pair of diagrams (Fig. 211) were also taken 
from a circulating pump, but in this case with ample 
■passages. 







Fig. 212. — From badly-designed Circulating Pump (top), eventually re- 
placed by better designed pump, from which following diagrams 
were taken. 



At the slower speed of 86 revolutions the upper 
fiagram was taken, the vibration there shown not being 
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Fig, 213. — Diagrams from New Pump. 





Fig. 211— Jet CQnde&Mr. 
84 strokes per mini 



> Diagrams, double-actings 
from top of bucket. 
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excessive for a circulating pump. The lower diagram, 
which was taken at 59 revolutions per minute, shows a 
large amount of oscillation. This will generally be found 
in pumps working at anything but slow speed. The 
dotted line shows the mean pressure of the oscillations. 





Fig. 215. — Same Air Pump working single-acting. Top without air 

valve, bottom diagram with air valve. 



The four diagrams in 



Fig. 212 were taken from a 



badly-designed circulating pump, there being a valve in 
the pipe connection which could be used for throttling the 
circulating water. The uppermost diagram indicates the 




Fig. 216. — Air Pump Diagram. Scale 10, Marine Engine, large valves 

and passages. 

maximum amount of throttling by the height above the 
atmospheric line. This pump was replaced by a new 
one, and the diagrams in Fig. 213 were then taken to 
compare with those of Fig. 212. It must be borne in mind 
when comparing the two sets that all the diagrams in Fig. 
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212 were taken with a s|inng tliree times as stiff ni those 
in Fig. 213. 

Air Pump Diagrams. -Diagrams taken from a 
vertieal double-acting air pump attached to a jet condenser 
are given in Fig. 214, the lower ones were taken after a 
sniftmg valve had been put on the pump for the purpose 
of getting rid of shock. The diagrams iu the next figure 
were taken from the same pump, but when working single 
instead of doiible-acting. 




Via, 2!T.— Diagram from Air Pump of Beam Pumpiag Engine, 

Fig, 21G "ives a diagram taken from a marine eugiuo 
air pump with ample passages and valves, and Fig, 217 
from a displacement air pump. The lower pressure on the 
compression stroke is not anuncommon occurrence, and is 
probably due to the longer time for condensing and probable 




churning up of the water due to the motion o£ the displac- 
ing plunger causing more perfect condensation. 

The diagi-am Fig. 218 was taken from one of Messrs. 
Hick, Hargreaves, and Co.'s displacement air pumps, shown 
in the next figure. The immemate production of a vacuum 
at the beginning of the suction stroke is very noticeable. 
A vertical and half transverse section of this pump are 
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^^H given, showing all the valvos at the top of the pump. This 
^^H permits of the air uud water coming freely into the pump 
^^^1 cbamlters, while the air hfis not tu eome through the ^vater, 
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as is the case with many air pumps. At the same time any 
clearance vohime is filled with water, without this water 
pressing on the top side of any of the valves, thus getting 
rid of another objectionable feature in some pumps. 




1, top throttle almost Hlmt ; 2, tup half open ; 3, bottom full opeD. 

The diagrams in Fig. 220 were taken from a circulating 
pump by the same makers, sections of which are given in the 
next figure. 

Fig. 222 was taken from an air compressor of the dis- 
placement type. 

One of the delivery viilves was notched to allow water 
to. run back aud fill up the clearance apace. The vertical 
lines in the middle of the suction stroke are due to the pump 
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pulling UP uutil the leakage through the iiotched ralve 
reduced tne difference of pressure on the opposite sides of 

I 




Fig. 321.— Circulating Pump.— McBsra. Hicli, llargreavas, aud Co. 
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the piston, after which the stroke was completed. It was 
ft double-acting compressor. 
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Fig. 22*.— Circulating Pump Diagrams. 

Effect of Speed on Pump Diagrams The efiect of 

speed on the power at which the engine must work to 
drive a pump is well shown in the accompanying Fig. 223. 
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Fr.. il'-'.—feeA I'uinii Diagrsm. Speed, ^0 revs, per minute. 




Fiu. 2'i8.—¥eei Pamp Dia^am. Speed, 64 revs, per minute. 
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The upper curve refers to a circulating pump and the 
lower one to a feed pump. The power increases rapidly 
with the speed. 

A couple of sets of circulating pump diagrams are 
shown in Fig. 224, the former of which was taken at 64 
revolutions per minute and the latter at 45 revolutions. 
The scale of the former is double that of the latter. A 
couple of bilge pump diagrams are shown in Fig. 225. 
Figs. 226, 227, and 228 are diagrams taken from a feed 
pump at different speeds. 



CHAPTER XIII. 



MISCELLANEOUS DIAGRAMS. 



Qas-engine Diagrams. — Four consecutive diagrams, 
taken from a 5 brake horse power gas engine, are given in 
Fig. 229. These maybe taken as representative of satisfactory 
working for a small engine without a timing valve. The 
instant of firing the charge varies slightly — the earlier ones 
giving the higher explosion pressures. The slower the 




Fig. 229.— Typical Gas Engine Diagram, nearly Full Load. 

ignition, the higher will be the expansion line towards the 
middle and end of the stroke, probably because the 
maximum temperature is less, and consequently less heat 
passes into the water jacket during the early part of the 
stroke. 

In the upper part of the next figure are shown con- 
secutive diagrams Irom the same engine when the ignition 
tube flame was heating the tube too near its top end, 
causing late ignition ; in fact, so late that it began some 
time after the piston had begun the working stroke. The 
lower diagrams were taken during the adjustment of 
the flame, the highest diagrams being obtained after the 
tot region had been lowered. 
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Fig. 231 (rives diagrams taken at three-quarters full load. 
When an explosion has been cut out by tne governor, the 
■water jacket nas had double the time to cool the cylinder, 
and the two charges of air coming into the cylinder also help 
to cool the cylinder. When the next explosive charge enters 
the cylinder, the latter will not be able to heat the charge 
in the same manner as the hotter cylinder during the 
previous cycle, and the charge will not so readily ignite. 
This is emphasised when two or more ignitions are cut out 
by the fjovernor, causing later ignition and a much lower 




Fig. 2^0.— Adjustment of Ignition Tube Flame. 



explosive pressure. Also, during the cutting out of one 

or more explosions, the hot products of combustion usually 

remaining after exhaust, are more or less swept out, thus 

further assisting to cool the cylinder. The dotted diagram 

in Fig. 231 represents the state of afiairs just described, 

but it is much better illustrated in Fig. 232. Here the 

. engine is running light, and the explosions are sometimes 

[ 8o far apart that the cooled cylinder does not permit an 

explosion, but compels the cuarge to hum almost con- 

I tinuously throughout the stroke. 

Fig. 233 shows further diagrams illustrating very slow 
burning. One of the expansion lines never reaches the 
normal terminal pressure, and here probably the charge 
continues to burn throughout the whole of the stroke, and 
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ptissiMy in the exhaust pipe, when the conditions are 
siiitalilo. If, as is quite possiMe, a charge of gas is not 




Firj. 231. 



i^'iiited, and is turned into the exhaust pipe unexploded, 
and there follows immediately after it, a very slow burning 




Fui. 232.— Gas Engine Running Light, Slow Barniiit;. 




Fig. 233.— Gas Engine, No Load. 



charge such as that just described, there is every 
prolKibility of the virgin charge in the exhaust pipe being 
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exploded by the succeeding slow bummg charge, producing 
a loud report known as a hack fire. This happened in 
Fig. 233.* Slow burning is also produced by diluting the 
charge with more air ; but the dilution is accidental in most 
engines, while the cooling of the cylinder is a natural and 
unavoidable phenomenon. 




Combining; Diagrams from Compound Engines. — 

It is sometimes usefnl to reconstruct a set of indicator 
diagrams, so that they appear in the new figure as if the 
steam had acted all the time on the low-pressure piston 
only. This is done by plotting the several diagrams upon 
the same voLuvie haae, but with their respective pressures 
represented by ordiuates aa usual. 

Two diagrams, one from each cylinder, are given in 
Fig. 234 the upper (high-pressure) one was taken with a 
lOO-spring, and the lower (low-pressure) one with a 
40-spriiig. The latter diagram is reproduced in the lower 
part of the next figure, but it is so situated that the vertical 
axis E is to the left of the admission line, by a distance 
N, representing the clearance volume of the low-pressure 
cylinder. 

ThuSj the length N M represents the volume swept out 
by the piston, and N the clearance volume. Hence, at the 
pressure R in the low-pressure cylinder, the actual 



' The dotted part of Fig. 2; 



e to the charge esplodiag dri' 
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volume of steam which is expanding in the cylinder is 
represented by R T. Of this amount the volume R Q was 
imprisoned by the slide valve when compression com- 
menced, and therefore the steam whose volume is repre- 
sented by Q T entered the cylinder as new steam while 
the steam port was open, and it will pass out of the engine 
when the exhaust port is opened. 

The high-pressure diagram must be reproduced to the 
same scale of pressures as the low-pressure diagram in 
Fig. 235, therefore each pressure ordinate of the high- 
pressure diagram in Fig. 234 must be multiplied by -— . 

before it is plotted in Fig. 235. Further, the volume swept 
out by the piston in the high-pressure cylinder will be a frac- 
tion of that swept out by the low-pressure piston for the same 



B 





Fig. 235. 



percentage of stroke ; hence the length of every horizontal 
line in the high-pressure diagram, Fig. 234, must be multi- 
plied by that fraction before being reproduced in Fig. 235. 
Thus the cylinder diameters were 20 in. and 30 in. respec- 
tively, and for the same percentage of stroke the 
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respective pistons would sweep out volumes in the ratio of 
20^ to 30^ or 1 to 2-25. Therefore, the horizontal 
lengths in the high-pressure diagram will be reduced in 
the ratio of 2-25 to 1 oefore reproduction in Fig, 235. For 
eiample, the clearance volume in the high-pressure 
cylinder has been indicated in Fig. 234 by the 




position of the axi.s, PY. The absolute pressures at ' 
I K and L have been multiplied by - - and thenset oft at 

'O P, Fig. 23(i.* 

I Then P K and P L (Fig. 2^4) have been divided by 2-25, 
[and set off at P K aud P L (Fig. 236). In this way the 

high-pressure diagram is reproduced in Figs. 23fi and 235, 

showing the work done in the high-pressLiru cylinder to 

the same scale as the luw-pre.ss are diagram. 

Losses shown Graphically on Combined Diagram.— 

Eeferring to Fig, 23(j, it will be seen that if the imprisoned 
\ steam had been compressed during the return stroke up to 
['the initial pressure, the compression curve would be 
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K F I > ; aud at the l>e^inuiug of the stroke, the clearance 
vohiiiio would l»e (piite full of steam at the admission 
pressure. Any steain which then came into the cylinder 
would push the piston down the cylinder and do useful 
work, tlie mishion steam merely acting as an elastic buffer, 
giving out as much work during expansion as was done 
u]wn It during c«)mpression. and consequently not con- 
tri I Kiting t(» the net useful work done upon the piston. 



^ 2. 



Fig. 237. 

When tlie cushion steam is not compressed by the 
])iston to the boiler pressure, the mcommgrs^ea97i completes 
{\\v conipnissiou, just in the same manner as the piston 
(lid in the previous paragraph. 

At the lKi<niinini'' of the forward stroke, the volume of 
steam in thv cylinder is represented by Y S, and the 
volume oicasliion ,sfe(nn at the same pressure is represented 
l»y Y I) ; therefore, S 1 ) rejn^esents the volume of steam 
wliicih has (U)me into the cylinder to completely fill up the 
clearance volume at the initial pressure, and the triangular 
art3a F 1) S re^presents the amount of work which has been 
lost in so doing. 

Now plot a new combined diagram leaving out of account 
the imprisoned cushion or buffer steam. In Fig. 237 the 
letters for the several ])()ints corres])ond with those in Fig. 
2'M\. The diagram areas re])rusent the useful work done on 
the piston, the areas between the vertical axis and the 
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diagram areas represent the waste due to filling up the 
clearance volumes with new steam, and the area between 
the diagram areas represents the loss between the cylinders, 
due to throttling, radiation, condensation, etc. 

If the steam consumption or feed water has been 
measured, set off D V to represent the volume of the steam 
per stroke entering the ensfine at boiler pressure, and 
through V draw an adiabatic line V U Z. The area between 




LOO V 

Fig. 238. 

this line and the diagram areas represents the loss due to 
condensation in the cylinders over and above what would 
have taken place with adiabatic expansion in a non-con^ 
iiucting cylinder. 

The adiabatic line may be drawn with the aid of a 
temperature-entropy diagram or by means of the equation, 

10 

P V y = constant. * 
This curve is most easily plotted in the following 

* This equation, due to Bankine, has been shown by Zeuner to bo 
more accurate when the exponent -^ is replaced by 1*035 + 'Ix when x 
is the dryness fraction of the steam at the beginning of expansion. 
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manner. Taking logarithms of both sides of the equation, 
we have — 

log P + jr log V = log constant. 

This equation represents a straight line* if the logarithms 
of the pressures are plotted as ordinates upon a base 
representing the logarithms of the corresponding volumes. 
Only two points are required in the above straight 
line. The constant is obtained from the pressure and 
volume of the steam at the point V, Fig. 237. Now put 
P = 1 lb. per square inch, then log P is zero, and 

9 
log V = -^ log constant. 

Where log P = 0, that is along X (Fig. 238), set off O R 
to represent '9 (log constant) ; then R is a point in the 
desired line. 

Next, when V = 1, log V = and log P = log constant. 

Log V = o along the line Y, hence set off S to 
represent (log constant) and join S R. 

To obtain points on the adiabatic curve V Z, Fig. 237, 
take any point T in the base line. Fig. 238, and measure 
off. the vertical intercept T K. Find the numbers whose 
logarithms are represented by T and T K, and these 
numbers are the corresponding volume and pressure. 
Plot these in Fig. 237, and repeat the operation until 
sufficient points are obtained. 

The Quality of the Steam during its passage 
through the engine may be obtained from the combined 
diagram, Fig. 235. It is first necessary to construct a com- 
bined diagram similar to Fig. 235, which is- the mean of a 
series of pairs (crank and head end) taken during a trial. 
Then from the steam consumption determine the weight of 
steam used per stroke. 

Draw a horizontal line such as E K P F through the 
compression and expansion curves. E K represents the 
volume of cushion steam, K P the volume of actual steavi 
passing through the engine per stroke ; and if W F U is a 
saturation curve, P F must represent the volume of steam 
which has been condensed and exists as moisture at that 

* See the author'» Tables and Data for Engineering LaboratorieB, 
p. 60. 
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pressure. In other words, P F represents the moisture in 
the steam, or wetness, and E P the dry saturated steam in 
the cylinder and clearance space ; hence the fraction of 
the vjJiole, which is dry saturated steam, is 
EP 
EF' 
This is called the dryness fraction. From K set off 
horizontally K F to represent the volume of steam per 
stroke aa obtained from the steam consumption. The 
same total weight of the mixture of steam and water 
will exist throughout the stroke, hence it is only necessary 
to find the volume of that weight of dry saturated steam 
at the various pressures and to plot them to the right of 
the compression curve. Should the compression curve 
not exist throughout the whole range required, a rec- 
tangular hyperbola would be drawn in either direction so 
as to form a continuation of the compression curve. This 
has been done in Fig. 23(3. 

The same process must be repeated for the low-pressure 
cylinder, and as the ratio of the clearance volume to that 
swept out by the ])iston is generally difterent for the two 
cylinders, a dift'erent saturation curve will have to be used, 
but found in precisely the same manner as described above 
for the high-pressure diagram. L C Z is the saturation 
curve for the low-pressure diagram. 

The quality or dryness curve is shown at A E D H, 
Fig. 235, at the top of the diagram, the numbers at the 
right indicating percentages of dryness. These curves do 
not by any means always present the same appearance, 
and sometimes trend downwards instead of upwards. 

The Hyperbolic Curve. — It is found that the ex- 
pansion curves of the combined diagrams, when taken 
from a well-designed engine of uot too small a size, 
and in good order, very nearly coincide with a rec- 
tangular hyperbola, ana hence the curve is often 
used to roughly determine how the engine is working. 
Examples of its use have already been given in connection 
with the analysis of the diagram, but one more is here 
given in Fig, 239, abowing throttUng iu low-pressure ports, 
and perhaps leakage past the piaton. 

The curve is most easily applied to the diagram by 
drawing a number of hyperbola; on a piece of tracing 
cloth, and placing the tracing cloth over the combined 



1.S2 



THE HYPERBOLIC' CURVE. 



(1 a{(ram, the axes of the curve coinciding with the lines of 
zer«) volume and zero pressure. A number of these 
hyperboles have been drawn in Fig. 240, and can be traced 
on cloth or tracing paper, which may then be superposed 



on the indicator diagram. 






Ft?. 239.— Diagrams from a Side-by-side Compound Engine, with 

Corliss Valves. Revolutions 33. 

A set of diagrams having rather a peculiar appearance 
when combined is shown in Fig. 241. They were taken 
from one of Stewart and Nicholson's continuous-expansion 
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en<^ines, in which there is a port half-way down the high- 
pressure cylinder, so that after half stroke the steam 
expands simultaneously in both cylinders. 






Fig. 241. — Diagrams from a Marine Engine on Stewart and 
Nicholson's Patent Continuous Expansion System. 



Clearance. — The clearance volume is best found by 
tilling up the cylinder end with Avater, or calculating it 
from the working diawings. It may be found approxi- 
ma tely from the indicator diagram if there is no leakage 
a s follows : — The line of zero pressure E P M, Fig. 243, is 
known from the atmospheric line. Draw any line, 






Fig. 242.— Diagrams from a Worsdell Compound Locomotive. 
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Fig. 243. —Clearance Volume. 



18(i RESULTANT PRESSURE ON PISTON. 

N H K M, ciittinK the expansion or compression curve, 
then N H = K M . Through N draw a vertical cutting 
E ]* M in K. Or draw a rectangle with opposite comers A 
auil fi on the expansion or compression noe. Draw the 
op)M>sitc dif^oual C D and it will pass through E. 




Resultant Pressure on Piston. — At any point in 
the stroke of an engine, such as E (Fig. 244), the forward 
pressure is represented by E A, and the pressure on the 
other side of the piston by E B, therefore the effective 
forward pressure is EA - EB = E A; the line EPX 
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being the line of zero pressure. On the line L D R Y plot 





Fig. 245. — High-preesure DiagramB. 

ujkvards, the eifective forward pressure B A at DC. 
Pressures on the piston in the opposite direction will be 
plotted downwards. When the piston arrives at P, the 
forward pressure is P N and the backward (other diagram) 
is P N, hence the efi'ective pressure is zero, and, therefore, 
the outline of the effective pressure curve crosses the base 
line at R. 

With the piston at X, and moving in the same direction, 
the forward pressure is V X, and the backward pressure is 
U X, the effective or resultant pressure being U V in the 
backward direction, and consequently must be plotted 
•downwards at Y Z. 



18H RESILTAXT PRESSIRE ON PISTON. 

The shaded area above the base line represents posi- 
tive wiirk (hine by the steam on the piston, and the shaded 
area lioluw the base represents negative work. The 
ditleroiico of the two should be equal to that of the 
indicator diagram. 

If the same process lie carried out for the return stroke 
the dotted outline will be obtained in the lower part of 
the fipiire ; and the net work done during the two 
strokes is represented by tlie area included between the 
two curves so ft>iind. 




preasure DifigrAinH. 



Tn Figs. 24.5 and 240 are sho\yn the high and low- 
pressure diagrams of a dorliss engine redrawn in the 
manner just explained. 

The obtaining of the resultant pressure is useful in 
the design of Hywheels and the drawing of crank eftbrt 
diagrams. 



CHAPTER XIV. 

DIAGRAM AVERAGING AND MECHANICAL 
EFFICIENCY. 

Hean Pressure from Diasfram. — The mean height of a 

given area may be obtained (1) by splitting the figure up 
into a series of strips of equal width parallel to the direction 
in which the mean height is raeasured, and taking the 
mean height of each strip, and finally the average of these 
means ; (2) by obtaining the area with a planimeter, and 
dividing the area by the length of the figure, measured in 
a direction perpendicular to that of the mean height ; or 
(3) by a planimeter so arranged that it gives the mean 
height direct. 



Fig. 247.— Parallel Rule for DJvidiog-np Disgrainp. 

Of these methods the last is that which is usually 
adopted, on account of the speed and accuracy with which 
the mean height can be found. Tlie splitUng up of the 
figure can be more easily and quickly done by means of a 
special parallel rule, which is sometimes supplied with 
indicators. It is shown in Fig. 247, placed over a diagram 
in position ready to draw the parallel lines, by which the 
diagram is divided into ten parallel strips of equal width. 
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Let the mean height of a strip be denoted by A, with a 
subscript indicating the number of the strip counting from 
the left. Also let I represent the length of a vertical inter- 
<ept, with a subscript indicating its position from the left 
end of the diagram. 

The first strip is lx)unded vertically by Zi and I2. Similarly 
the second strip is bounded by ^2 and /s, and the 
last by /lo and In. The mean height of the diagram is 
approximately the average of the mean heights of the 
strips ; and 

_ hi + A.^ -f As + -f Aio 



But 

hi = 

and ho = 



10 



2 

_ ^2 + ^3 

2 

'10 + hi 



also hio=-''-^- 



Substituting these values for A, &c., we have the mean 
height of the diagram 

h + 2k + 2^3 + + 2Zio + In 



20. 

or after dividing numerator and denominator by 2, we get 
the mean height 

_ i (first ordinate and last ordinate) -f all other ordinates 
Number of strips into which the figure is divided. 

The method just described is based upon the assump- 
tion that each of the strips is a trapezoid. The area of a 
trapezoid equals the product of its width and its average 
height. The latter can be read off direct by measuring 
the height at the centre of a strip. It is then only 
necessary to draAv the vertical lines through the centres of 
the strips, without actually drawing the dividing lines 
between the strips. 

Looking at Fig. 247, it will be noticed that if the middle 
heights were drawn in, the first one would be half the 
width of a strip away from the left side of the diagram. 
The next one would be the width of a strip from the first, 
and so on, until at the other end, the last height would be 
half the width of a strip from that end. In Fig. 248, the 
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line A N has been divided at the points B, C, D, . . . 
K and L, in the manner stated above, such that those are 
the middle points of the ten equal parts into which A N is 
supposed to be divided. 

Now, different diagrams will be of different lengths, 
hence it will be neceaaarv to make a li{,nire which will 
give the same kind of division whatever the length of the 
indicator diagram. Take any point in A 11 produced, and 




join it to A, B, C, etc. We then have the inclined lines 
shown in the figure. 

Now take the indicator diagram and draw two lines at 
right angles to the atmospheric line, and touching the 
diagram at each end, such as E A and T V Fig. 249. Place 
the indicator card upon the radial diagram such that the 
atmospheric line is parallel to one of the dotted horizontal 
lines, the line TV coinciding with SR and the point A in 
the line E A on the right hand radial line N P. Pin down 
the indicator card, and draw across the indicator diagram 
a series of vertical lines from the points where the radial 
Hnes cut the line T A. These are shown dotted in the 
figure, such as BCD. Measure off the intercepts such as 
CD, and take their average by adding thera ttigether and 
dividing their sum by their number, This is the mean 
height of the diagram. If these heights are measured off 
with indicator scales, the average so found will be the actual 
mean effective pressure on the piston in pounds per square 
inch. 
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The Coffin Averas:er and Planimeter. — Generally a 
iiunil)er of these diaynims have to be measured up at one 
time. an<l then it is expedient to use methods" 2 or 3 
mentioned above. The Coffin averaging planimeter, shown 
in Fit(. 250, is an instrument by which the mean height 
may W* found direct. It is sold in this country by 
Hartley and Co.. of Manchester. It consists principally of 
a rod. in one end of which is a tracing point E, which is 
moved over the outline of the diagram. The other end of 
the rod contains a j)in, which slides in the groove in the 
plate 1, on the left of the tigure, the pin being maintained 
in contact with the groove by the weight W. The rod also 
contains the bearings for the spindle of the graduated 
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Fig. 249. 

wheel, near the lower edge of the figure. The wheel has 
a small flange at one edge of the rim, which rests upon the 
strip of paper indicated by the light vertical strip in the 
tigure. The rod is thus supported on three points, namely, 
the tracing point E, the pin W, and the flange of the 
graduated wheel. Attached to the board are a pair of clips 
B and K, of which the latter is capable of being moved 
parallel to itself by means of the slide at its lower extremity. 
One of horns of the rod which supports the graduated 
Avheel is divided so as to form a vernier for the more 
accurate reading of the graduations. 

To obtain the mean height of an area (in the figure an 
indicator diagram) slide the paper containing the area 
under the two clips B and K, and arrange it so that a 
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horizontal line in the diaj^ram ia parallel to the horizontal 
edge of the clip B and the leftrhand end of the diagram 
touches the veitical limb of the same clip. In an indicator 
diagram the atmospheric line is horizontal. Now push the 
clip K towards the left until its inner edge touches the 
right-hand end of the diagram (in the figure at E.) Place 




Fio. 35(1.— Coffin Averaging Planlmeter. 



the planimeter in the position shown in the figure with^the 
tracing point at E where the clip K touches the diagram. 
Press the head D of the tracing point su as to make a mark 
at E, and then raise one of the horns while the graduated 
wheel is turned tcj zero. Care should be taken in this 
operation that the fingers are free from mni,'!turo so that 
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the steel wheel will uot biifume rusted. It would be miicli 
mure coiivciiient if the rim, with the exception of the 
Hange, were made of white celluloid, as in the Amsler 
planiraeter, then the rtiating would be avoided and the 
readiug of the graduations rendered comparatively easy. 
The outline of the diagram is now carefully traced over 
with the tracing point in clockwise direction until the 
starting point E is again reached. Now slide the tracing 
point along the ed{jfe of the clip K Ckeeping the eyes on the 
rolling wheel) until the wheel indicates zero. The tracing 
point is now at A. Then E A is the mean height of the 
diagium. The trncing is most easily accomplished 
wlien the operator is comfortably seated, with his arms 
nesting on the table which support the instrument. 
Diffused light is also much pleasanter to work in than 
light emanating from a single source (such as a gas flame), 
on account of the dark shadows cast by the latter, which, 
in some positions, cover vip the faint lines of the indicator 
diagram. If a single source of light is inevitable, the 
position of the diagram should be so arranged that the 
shadow cast by the tracing point will not lie along an 
appreciable length of the outline. 

Some people prefer not to set the rolling wheel to zero 
at starting, but to note the reading ; and after tracing the 
figure to shdc the tracing point along the edge of the cliji 
K until the wheel indicates the same reading again ; at 
which time it will have aiTived at A. This latter methocl 
is slightly more accurate than the former, and the wheel 
does not become rusty, due to the moisture of the hands. 

The Amsler Planimeter, — If the end W of the rod in 
the Coflin averager be made to travel over the arc of a 
eii'cle instead of along a straight line, we have at once the 
Amsler planimeter. This is accomplished by attaching 
the end W to a radius rod, and it can be shown* 
that the rolling wheel records the area of the figure 
whatever be the path of the end W of the rod. Fig. 251 
shows a plan and elevation of the ordinary type of the 
Amsler instrument, for wljich the author is indebted to 
Messrs. Schaffer and Budenberg. The free end of the 
radius rod contains a needle point C, which acts as the 
centre round wliieh it turns. It is loaded with the weight 
G, to maintain it in position during use. It is preferable 
to use the instrument on a drawing board iireviously 

* Sae ■• Trcatiaii on Engine and Boiler Testing," by the Author, 
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covered with a sniootlt hard drawing paper or cardboard. 
Rough paper should not be used. The other end of the 
radius rod is pivoted to a saddle, which slides along the 




siinare rod shown in the horizontal position in' plan, and 
which carries the tracing point b. This saddle also carries 
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tho recordin*( wheel P, with its spindle and worm, together 
with the recording' disc S, and a worm wheel (not shown in 
the tignre). The saddle, which is secured to the tracing 
rod'hy means of the clamping screw a, contains the fine 
adjustment screw e, by which it can be accurately 
plae(»d in any jMjsition along the tracing bar. There are 
two ])oints (5 O, one on the tracing bar and the other on 
the saddle. These are brought into use when it is required 
to obtain the mean height direct. The clamping screw a 
is screwed back, and the saddle pushed along the tracing 
rod until the distance between tne points equals the 
length of the figure or diagram ; the tine adjustment being 
accomplished by the milled head^, after the clamping screw 
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FiLi. 1^52. — The Goodaian Averager. 

(I has been tightened i\\) again. Now, place the instrument 
on the drawing board, and with the tracing point h make a 
mark or indent, somewhere on the outline of the figure or 
diagram. Read the disc S, the graduated wheel P, and 
then the vernier. As the wheel is divided into 100 equal 
parts, the main divisions Avill be read for the second figure, 
and the sub-divisions, for the third ; while the vernier will 
give the fourth. Following this order, assume, for example, 
that the reading is 212-5, the decimal being placed before 
the vernier figure. Now, trace the outline of the figure 
until the tracing point reaches the indent again. The 
reading is now, say, 801 7. The difference of these readings 
is 8017 - 212-5 = 89-2, and, dividing this difference by 40 
(the constant of this instrument), we obtain 2*23 in. as the 
mean height of the diagram. One great advantage of this 
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instrument is that the actual mean height is given direct 
from the wheel readings without the iise of any scale, and 
to a degree of accuracy which a scale could not indicate. 
It is advisable to start the tracing point a little distance 
from the indent on the oatliae, and trace the outline up to 
the indent before taking the first reading. In this way a 
slight error due to backlash can be avoided. 

The Qoodman Averager. — Another form of instru- 
ment for obtaining the mean keight of a diagram is Professor 
Goodman's modification of the hatchet pTanimeter. It is 
shoivn in Fig. 252,and consists of a bar Q, with an adjustable 
limb H, the estremity of which is shaped like a hatchet held 
tight upon the bar by the spring S, and another leg rigid 
with the horizontal bar and used as a tracing point. In 
using the instniment, the movable leg is shifted along the 
bar until the two legs just encompans the length of the 
digram, as shown in Fig. 253. 




Fig. 25i), —Sketch showing Application of Goodmui Avtaagtr. 



Now, draw a line from the point A {the centre of 

gravity of the area) to the outline as in Fig. 254. Place the 

bar of the instrument approx.imately at right angles to the 

line from A — that is, along the dotted line — and the 

, tracing point at A. Press the hatchet end, making an 

L indent at B, and then trace the outline once, beginning at 

I A and returning to it again, preferably always in the same 

f direction for all diagrams sucli as that shown by the arrows 

I in the figure. When the tracing point has arrived at A, 
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afirr >r<»in<r once round the figure, press the hatchet again, 
iimkin«>f tht* indent C 

Now. unpin the diagram, all the while keeping the 
tracing point at A and the hatchet at C, and turn the 
diagram round A, through ai)proximately two right angles 
into the pi».sitii>n shown in Fig. 255, and then retrace the 
outline of the diagram in the ippposite direction (as shown 
l»y the arrows), until A is reached again, pressing the 
hatchet at the end of the operati(m, making the indent D. 
The p(>int A was selected l)y the computer's judgment, and 
is necessiirily not often exactly at the centre of gravity of the 
area. This and other small errors cause the slight displace- 
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ment of the finishing indent J) from the initial indent B. A 

Soint E is selected half way between their centres, and the 
istance (.' E measured with a scale. This distance is the 
mean height of the diagram, and, if measured with the 
scale of the spring used, will give the mean pressure 
direct. 

It is necessary when using this instrument to keep its 
plane vertical, and to take great care of the hatchet end. 
The operation should be carried out on a horizontal plane, 
preferably a draAving board covered with good smooth 
drawing paper. It is preferable to draw the line from A 
to the boundary of the diagram, either parallel to the 
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atmospheric line or in such a way that it is in the direction 
of the longest way of the diagram. The instrument is 
made by Messrs. Jackson Brothers, of Leeds. 

Hand Speed Counters.— The Tabor pocket revolution 
counter is shown in Fig. 256. The diamond point centre 
on the left of the figure is inserted into the centre of the 
shaft whose speed is required, and the friction between the 
male and female centres compels the small horizontal 
spindle to rotate at the same speed as the shaft, and the 
v/orm oil it turns the graduated disc through one tooth or 
division for every revolution of the spindle. The number 
of revolutions in a given time is obtained by reading the 




Fig. 255. 

units and tens opposite the hand, the hundreds and thou- 
sands being indicated through the aperture in the disc. In 
the illustration the counter reads 4535. The under dial 
reads only up to 49, so that the instrument will count up 
to 5,000. To set the instrument to zero, draw out the 
spindle until the dials can be rotated by the fingers ; then 
set them to zero. 

The counter shown in Fig. 257, is designed to record 
revolutions and reciprocations. A number of figured 
discs are threaded upon a spindle, and each disc, except 
the first, gears with, and is driven by, a small pinion loose 
on a lay spindle. Each disc also gears with the next 



pillion ill Ntich a maimer that, after tiirulng ruutid once, it 
mores its next neif^bbour by means of the piuion throiitrh 
the inten'al between two consecutive numbers. Tne 
[liniuns nmi iliscs an- sn shn]H'i! tliat they lock one anothei 




Fio. lidO.— Tkbor Pocket Revolatfon Counti 



in Dosition, and only penult of the reqnislte motion E 

enacilo the inHlmment to count the revolutions or recipro- 
cations, as tlie case may be. For the latter, the rod B is 
used to luovo the counter wheels while the dotted ptisition 
ptTpendioulur to H shows its position for counting revolu- 




FiR. 25T. — Schaffer And Budenberg'a Counter. 

tioDs. Messrs. Schaffer and Budenber^ also make a small 
pocket counter of the same type, which is u.sed in a manner 
similar to that in Fig 257. 

Mechanical Efdciency.— As there are always some 
internal resistances in a machine under all actual con- 
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ditions of working, there will be a certain purtion of the 
energy received by a machine which will be used in 
driving the machine against these internal resistances, and 
therefore only a fraction of the energy received by a 
machine will be given out by the machine in doing useful 
worTc. 

The ratio : 

Us eful work done by a machine 
Total energy received by a loachtiie 



^ 

b 



is called the mechanical effi.cienicy of the machine. If we 
take the work done during one minute then we may 
express the mechanical efficiency as : 



The horse power at which a machine gives out energy 
Thfi horse power at which a machine receives energy 



It is the numerator of this fraction that we are now 
concerned with, and it is measured by a dynamometer in 
conjunction with a speed Indicator. Dynamometers are 
of two kinds — friction brakes, sometimes called absorption 
dynamometers, and transmission dynamometers. In the 
former class, the energy given out by a machine is used to 
work against some fnctional resistance, in which case the 
energy is converted into heat, and, in the second class, 
the energy is transmitted through some form of mechanism 
which registers the force exerted by some part of the 
mnthine in doing useful work. 

The Rope Friction Bralce is the moat convenient form 
of absorption dynamometer under ordinary circumstances, 
and is by far the cheapest and easiest to construct. A 
simple form, as applied to a small engine, is shown in 
Fig. 258, where one end of the brake rope supports a loiui 
W, and the other end X is attached to the spring balancf 
S, which is anchored to the floor or other fixture. In thiH 
caae the rope is in contact witL the wheel through half thu 
latter's circumferencei only, and is prevented from iilipping 
off the wheel laterally by two or more guid« blocks '/,. 
These blocks are preferalJIy made of some hard wood (th»i 
author has used teak), and about a quarter or au oiglitli of 
an inch longer than the width of the wheul rim. Small \<ra/M 
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plato» (iTOrtapping thu rim are attached to the ends of 
thesu liloeks by screws to prevent lateral movement. If 
ihesii should make au unpleasant gratini^ noiao by the rim 
rubbing continually against them, small pieces of stout 
leather may Iw siil«tituted for them with advantage. 
Oroiivea are cut in the under side of each block to rective 
the rope, but these should not be (juite so deep as the 
rope is thick, or the block itself will nib on the rim of the 
wheel, produciiifT a noise similar to that previously spoken 
iif Each part of the rope is tixed to the block by fine 
wire, eare bt>ing taken that the wire itself does not touch 
the rim of the wheel, but is threaded between the strands 
of the rope. Tlir mpe should be as small as poosib'e con- 




FiQ. 258.— Rope Br&ke for Small Ponera. 

sistent with strength, as flexibility may be sacrificed with 
a rope of much larger diameter. The more flexible the 
rope, the more easily will it run without oscillation. 

It is necessary to bind the rope at one end with copper 
wire, so as to form a permanent eye, into which the end of 
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the weight pillar is hooked, while the other end may be 
spliced, or only bound with wire to make a joint ; but it is 
not advisable to further bind it as shown at V, as, should 
one part of the rope stretch under the load more than its 
companion, the guide blocks Z tend to twist about a radius 
of the wheel as axis, and the brass clips tend to grip the 
wheel, resulting in much vertical oscillation of the weight 
W. The rope can often be run in the dry condition 
without trouble, but should this produce unsteadiness, it 
may be smeared with a little Russian tallow. 

The tension of the spring balance acts in the direction 
of motion, while the load on the other end of the rope acts 
against the motion of the wheel. Hence the net resistance 
01 friction is 

(W - S) lb. 
When W represents the pull on the load end of the 
rope at G, including the weight of the load pillar and that 
part of the rope from G downward, and S represents the 
pull on the other end at H which includes the weight of 
the rope from H down to X. As the spring Vjalance Is 
turned upside down, as shown in the figure, its weight will 
be included in the reading of the scale opposite the [Pointer, 
so that there will be no necessity to make a correction by 
adding on its weight. Generally the piece of rope U^low 
G on one side balances the piece below H on the other, sr> 
that the ends may be left out of the question ; in any ca.se, 
where the rope is of small diameter, as it should U;, the 
weight of the ends of the rope may be negected in calcula- 
tions. 

The pull on either end of the rope at G and H, actn 
along the centre line of the roj^f.', s^i tliat the efK-ctiv^; 
radius of the brake. is — 

Radius of face of wheel -f radi'j-, of ro]f*:, 

and the effective diameter of the brak*; :- wZ-^-j: •h<j cAt't'/y 
tive radius, or — 

Diameter of wheel 4- dijanj',-ter of r'/}/<; I>, >h.v 

Then the work done ]^tr ijj'u JV; ov 'U.*: v.h>,4;; ,;, Jva 
pounds in working/ aj/ajji^,t fryr,l<ju <;o j^;>, 

when D is measured in f^^K 
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The rate at which the wheel gives out energy, or does 
work, measured in horse power 

_^ (W- S)^DN 

88,000 

when N is the number of revolutions per minute. 

Because this is measured with a brake, it is generally 
called the ** brake horse power " of the engine, and 
represented by B.H.P. Then we may write 

B.H.l>. = <W-J)^DN . . . 

88,000 



Loo OF Test for Brake Horse Power with Simple 

Rope Brake. 

Date Observer 

Kind of motor 

Approximate angle of contact in turns 

Diameter of brake wheel ft. Diameter of rope in. 

Effective diameter of brake ft. 

Zero reading of spring balance lb. Error... lb. 

Total weight of discs on end of brake rope lb. 

Weight of load pillar, etc lb. 

Total load on end of brake rope lb. 

Brake horse power = cNR c= 



Time. 


Revolvitions 

per niinnte. 

N. 


Spring 
Balance 
Reading 

8 lbs. 


Effective 

Resistance 

of friction. 

Ribs. 


B.H.P. 
-C.N.R. 


Counter 
Reading. 




1 
1 

1 

t 

1 
1 

1 

1 

1 
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Slide Rules and Calculators. — The great saving of time 

and labour in making calculations that can be effected by 
the use of the slide rule is well recognised by those familiar 
with its working. The ordinary straight slide rule, how- 
ever, is inconvenient to carry constantly.in the pocket, and 
a modified form of this instrument (Fig. 259), capable of 
being carried at the end of a chain like an ordinary watch, 
is, in the author's opinion, the handiest for general work. 
This particular form of instrument is supplied by the 
Scientific Publishing Company, 53, New Bailey Street, 
Manchester. 




Fig. 259 The 



Description o1 the Instrument.— This instrument con- 
sists of a revolving dial operated by the nut A, and having 
on its face five graduated circles or scales, marked in the 
illustration, for convenience of reference, Nos. 1, 2, 3, 4, 5. 
The instrument also carries a movable finger C, operated 
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l>y the nut B. In addition to these is a iixed radial 
]) )inter 1>. The dial and the movable pointer C, it should 
l»e observed, move quite independently of each other. 

Description of Scales. — 

Xo. 1 is a scale of loj^arithms. 

No. 2 is the calculating scale for multiplication and 
division. 

X<). •{ and 4 is a scale of s(iuare roots. 
No. T) is a scale of sines of angles. 

Los:arithms. — The readings on scale No. 1 are the 
common logarithms of the numbers radially opposite on 
scale No. 2, and can be read by the use of either the fixed 
or movable finger, as hai)pens to be most convenient. 
Thus, on scale 2, the movable ])ointer C indicates 135, and 
on scale 1 we have the corresponding common logarithm 
18 without the characteristic, which depends upon the 
])osition of the decimal point in the 135 The charac- 
teristic of the logarithm is found in the usual way, and 
must be added by the operator just the same as when 
working from a book of tables. 

Multiplication. — Use scale No. 2 and proceed as follows : 

1. Set one factor under the pointer D by turning nut A. 

2. Set movable j)ointer C at 1 by turning nut B. 

.*>. Turn nut A till second factor comes under pointer C. 
4. Read off result under pointer ]). 

Division. — T^sc scale No. 2 and proceed as follows : 

1. Set the dividend under the pointer D. 

2. Set the ])ointer C to the divisor by turning nut B. 

3. Turn dial, by nut A, till 1 comes under pointer C. 

4. Read off result under pointer D. 

Square Roots.— Use scales Nos. 3 and 4. Although 
there are two circles, one is really a continuation of the 
other. I'he numbers on scale No. 2 are the squares of 
those on scales 3 and 4. To find square root of a number 
proceed as follows : 

1. Set the number on scale No. 2, under one of the 
pointers (whichever is convenient). 

2. Ascertain whether the number (neglecting decimal 
figures, if any) is even or odd. 

3. If number is even, read off square root on scale No. 3. 

4. If number is odd, read off square root on scale No. 4. 
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Thus, the pointer C indicates ISii on scale 2. If tho 
decimal point comes after the 5, there are three (an odd 
number of figures). Hence look on scale 4 and we find 11"G 
as the square root. The decimal point ia put in by the 
operator. If the orijjinal number were Via (an even 
number of fio:uTeB) look on scale 3, and the square root is 
jriven as 'S-Qti. 

Squares. — Use scales No. 'd aud 4, and No. 2, and 
proceed as follows : — 

1. Set one of the pointers over the number on scale 
No. 3 or 4, whichever the number is on (scale No. 3 being 
simply a continuation of No. 4) 

2. Ki^ad ofl the number radially opposite, on scale 2, 
Thia is the square. 

Sine of an Angle. — Use sctile No. 5 and scale No. 1, 
and proceed as follows : — 

1. Set one of the pointers over the angle on scale 
No. 5. 

2. Read off value of the sine radially opposite on scale 
No. 1. 

Cosine of an Angle. — This cau be readily deduced 
fr()m soale No. .i, since the cosine of an angle is the sine of 
its complemenr. For example, the cosine of (iO deg. is the 
same as the sine of 30 deg. 

Cubes and Cubs Roots, and Miscellaneous Powers 
Generally. — These can be obtained by means of scales 
Nos. 1 and '2 just as readily as by the aid of a table of 
logarithiuB. 

Hyperbolic Logarithms. — These may be fuund by 
multiplying the common logarithm on scale No. 1 by 2'30, 
which point is marked for convenience of reference on 
scale No. 2. 

Note.^In setting the pointers of the iustrmnent to 
fractions of a division the judgment of the operator must 
be used, and the same remark applies to the reading of the 
results. The position of the decimal place can be deter- 
mined by inspection without specific rules. With a very 
little practice the operator will find it possible to obtain 
results accurate to less than one per cent, which is closer 
than is required in most, engineering calculations. 
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Fractions. — In working out long sets of fractions many 
operations and much tedious labour can be saved by the 
use of the instrument, as may be seen from the following 
exam])le : — 

I, ' A .\ 1 ^297 X 43-5 X 82*9 
Keciuired the value ot ^. - -;-- 

* 27 X 572 

This can be obtained by the instrument in the following 
way, using sralc Mo. 2. 

1. Turn nut A till 297 comes under the fixed pointer D. 

2. Turn nut H till pointer C is opposite the first 
divisor 27. 

3. Turn nut A till 43;) comes opposite movable 
pointer ( \ 

4. Turn nut B till movable pointer C is opposite 572. 

5. Turn nut A till tS2*9 is opposite movable pointer C. 
(>. Read oti* result 1)95 bohina the fixed pointer D. 
The iictuiil result by inspection can be seen to be 

ai>pn)ximately 7000, so the interpretation of the reading 
may without hesitation be written (3950. 

The general rule for dealing with fractional calculations 
is as follows: Put the sum to be worked in the form 

__• i_i^^ and disregard the decimal point in the 
m X It X 

result until it is reached, then proceed as follows: — 

1. Set the dial by nut A till first multiplier (a) comes 
behind the fixed pointer 1). 

2. Turn the movable ])ointer C to the first divisor (m). 

3. Turn the dial by nut A till second multiplier (b) 
comes behind movable ])ointer C. 

4. Turn the movable ])ointer C to the second divisor (n), 
and so on till all the numbers are used up. 

5. Read otf result behind fixed pointer D, and estimate 
position of decimal place. 

N.R. — If there are not enough divisions or multipliers 

in the fraction, use the number 1 instead as often as may 

be required, that is, until there is one more factor in the 

Tunuerator than in the denominator. 

Ml (t X h 111 11 axfexl 
Ihus would be worked as 

111 X n rti X n 

a X h 111 IT a X 6 X 1 X 1 

would be worked as — 

VI X n X p in X n X p 

a X h X c X d ,_, ,- ax6xcxr? 

— - would bo workea as 

VI X n OIL X li 
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The fixed pointer is only used to set instrument at first, 
and read results at finish. 

The movable pointer is shifted only for divisors. 

The dial is shifted only for multipliers. 

Those desirous of mastering the logarithmic principles 
on which the working of the instrument is based will find 
a full description in The Mechanical Engineer for July 23, 
1898. The instrument can, of course, be used with perfect 
accuracy without any knowledge of logarithms, but an 
intelligent application of the scientific principles of any 
arrangement always enables the operator to use it witk 
greater confidence. 
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Professor Ripper's flean Pressure Indicator. — This 
instruinent indicates the mean forward and back pressures 
on the piston of an engine continuously, the respective 
pressures being shown by a pair of ordinary pressure 
gauges. Each end of the cylinder is in turn placed in 
communication with a pressure gauge, so that one gauge 
continuously indicates back pressure, and the other gauge 
the forward pressure. 

The form of instrument shown in Fig. 260 is arranged 
for a vertical cylinder, though the instrument for a 
horizontal cylinder is practically the same. The left-hand 
view is a part section looking directly through the instru- 
ment at right angles to the axis of the cylinder, and the 
right-hand view is at right angles to it. 

Slightly modified ordinary indicator cocks are screwed 
into the cylinder at C and D, and attached to each cock is 
a rotating valve in a valve box at E and F. These valve 
boxes are connected together by a pair of parallel pipes, 
each of which communicates with its pressure gauge. 

Fig. 261 is an enlarged section of one of the valve 
boxes, showing the valve in section with its ports. 

It will be noticed that the valve is hollow, and contains 
ports D D, which open the valve chamber C alternately to 
the pipes F and E, thus putting them, in turn, in communi- 
cation with the channel A leading to that indicator cock. 

The valve is rotated by the chain wheel G, which is 
driven from the crankshaft of the engine to be indicated. 

It will be now seen that as the rotating valves open and 
close their respective ports at the end of a stroke one end 
of the cylinder will be in communication with one pres- 
sure gauge, and the other end with the second gauge for 
the whole of one stroke, at the end of which the two ends 
of the cylinder are switched over to the opposite gauges. 
In this way one gauge always records forward pressure, 
and the other back pressure. 

The variation of pressure in the engine cylinder is not 
communicated to the pressure gauges on account of the 
small channels and throttling cocks, one in each fitting 
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half way down the cylinder, and another attached to the 
pressure gauge. In this manner the steam and water is 
so throtllod that the gnuge pointer can be made to 
iudiciite steadily the mean forward or back pressure in the 
oyliiidi-r. The avempo is a livif nverape, but this only 




Fig. 2li!.— Section through Valve Bo: 



Ripper 



differs from a space aTcrage by a very small amotint, 
generally throe per cent, which can be allowed for, or a 
second graduation can be made on the gauge dial. 

It ia imperative that the pipe leading from the first 
throttling cock to a pressure gauge shall be always full, or 
nearly full of water, nence the position of the gauges. 

In Fig. 261 the chain wheel G is connected to the 
spindle through a conical friction clutch held in gear by 
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the nut H. This permits of easy adjustment of the valve 
at the time of fixing. 

The Mechanical Equivalent of Heat. — Until quite 
recently Joule's value of the mechanical equivalent of 
heat, namely, 772 foot-pounds of energy per British 
thermal unit, has been used. Prof. Eowland, in Americar, 
re-determined, the mechanical equivalent on a more ^ex- 
tended scale than Joule, and over a much more extended 
range of temperatures ; and the number now used as 
determined by him is 778 foot-pounds, or 426 '9 meter- 
kilograms, when the thermal unit is the calorie ; that is, 
one kilogram of water raised 1 deg. C. 

Mr. Moorby, in conjunction with Professor Osborne 
Eeynolds, has recently re-determined Joule's equivalent, 
at Manchester, with a Froude dynamometer brake, and 
has found 777 as its value when the range of temperature 
of the water acted upon was from freezing to boiling 
points. 

As the specific heat of water varies, the mechanical 
equivalent oi heat must, of necessity, vary according to 
the mean temperature of the water during the experi- 
ment. It thus becomes necessary to state distinctly at 
what standard temperature the mechanical equivalent is 
determined. For convenience this standard temperature 
is taken as 60 deg. Fah. 
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1197-81 


83-37 


2-30 


■43490 


197 : 380-23 


352-46 


845-50 


1197-94 




2-29 


-43700 


198 380-65 


352 89 


845-19 


1198-07 


83-41 




■43910 


169 


381-1)3 


353-33 


844 87 


1198-20 


83-43 


2-27 


-44121 


■200 


381-64 


353-77 


844-57 


1198-34 


83-46 


226 


■44331 


■201 


382-1 


354-1 


844-3 


1198-46 


83-48 


2-250 


■4453 


■202 


382-5 


354-6 


844-0 


1198-59 


83-50 


2-236 


-4475 


203 382-9 


355 


843-7 


1198-71 


83-51 


2-227 


-4496 


204 ' 383-3 


355-3 


843-3 


1198-83 


83-63 


2-217 


-4516 


205 


383-7 


355-8 


843-0 


1198-96 


83-55 


2-206 


-4538 


206 


384-1 


356-3 


842-7 


1199-09 


83-57 


2-196 


-4568 


207 


884-5 


S5B-8 


842-4 


1199-21 


83-59 


2-186 


-4580 


208 


384-9 


357-2 


842-1 


1199-33 


83-61 


2-176 


■4600 


209 


385-3 


357-7 


841-8 


1199-46 


83-63 


2-166 


-4621 


210 


385-7 


358-1 


841-5 


1199-67 


83-65 


2-155 


-4844 



PROPERTIES OF SATURATED STEAM. 
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' ^-~'l 


iif 
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1 


iU 


31 


A 

11 




i 




pi! 


f 




** 1 


■ 


S L 


H 
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- 


211 


3661 


35i-6 


S41-2 


' 11&&-71 


83-66 


:i-146 


-1661 


212 


3S8-5 


359 


840-9 


1199--3 




2-137 


-4681 


218 


886-9 


359-4 


840-6 


J 199-96 


63-70 


2-1 28 




214 


8&7-3 


359-9 


840-3 


lj*0-06 


83-72 


2-119 


-1726 


21 a 


3677 


360-2 


640-0 


1200ilft 


6373 


2-Uji9 


■1716 


216 


366-0 


36Q-6 


839-6 


1200-32 


63-75 


2-100 


-4766 


217 


366-4 


Ml -I 


639-5 


1200-45 


8377 


2-090 


-4787 


218 


36&-8 


361-5 


839-2 


1200-57 


83-78 


2-0^11 


-4808 


21S 


389-3 


361-9 


838-9 


12'/r69 


83-80 


2-072 


-1630 


220 


869-7 


362-3 


838-6 


1200-82 


63-82 


•i-'tVi 


■4650 


221 


390-1 


362-7 


j.3ii-3 


12**95 


83-84 


2-058 


■4870 


222 


390-5 


363-1 


838-0 


ivoroj 


83-85 


2-045 


-4691 


223 


390-9 


363-5 


837-8 


1201-19 


63-87 


2-036 


-4912 


221 


391-3 


363-9 


837-5 


1201-80 


63-88 


2-028 


-4931 


225 


391-6 


364-3 


637-2 


I2'ir43 


63-89 


2-fB;0 


-4956 


22lf 


39-2-0 


364-6 


636-9 


1201-55 


83-91 


2-011 


■4977 


227 


392-4 


■ 365-1 


836-6 


lSOl-66 


83-93 


•iWi 


■4999 


228 


392-8 


365-5 


836-3 


120177 


83-91 


, 1-991 


•5020 


229 


393-2 


365-9 


■ 6:!6-0 


12f»l-89 


83-96 


, 1-985 


-5040 


230 


393-6 


366-3 


^ 885-8 


I2'i2-01 


83-97 


! 1-976 


■5062 


231 


394-0 


36U-7 


835-5 


1202-11 


63-99 


1 ,„., 


-5062 


232 


394-3 


367-1 


83B-3 


1202-22 


fA-mt 


l-Wl 


-510.( 


233 


394-7 


367-5 


8350 


1202-33 


84-<ll 


■ 1-952 


-5124 


231 


395-1 


367-9 


634-8 


1202-44 


84-08 


1-914 


-5146 


235 


395-5 


36>--2 


634-5 


licja-sr 


84-04 


' J-93r 


■51 6« 


236 


395-9 


368-6 


' 834-3 


!202-Hf 


64-06 


|-92>1 


■6186 


237 


396-3 


3S9 


834-0 


12fj277 


6408 


' l-92( 


■5208 




3966 


369-4 


8337 


JWi-l-M 


8 (-09 


l-WK 


-51^8 


239 


397 


369-6 


883-4 


Viffi-'A'J 


84-10 




-5249 


240 


397-4 


: 370-1 


638-1 


1203-|( 


84-12 


1 1-697 


-5270 



I'RUI'ERTIES OF SATUKATED STEAM. 
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- 


241 -.m-s 


370-5 


632-8 


1203-21 


84-13 


1-889 


-5290 


■Hi 89S'l 


370-9 


032-e 


1203-32 


84-16 


1-882 


-5310 


24S 39K-5 


371-3 


832-3 


1203-43 


84-17 


1-875 


-5330 


244 39S» 


371-7 


83-21 


1203-63 


81-18 




-5351 


■•in 3Ptl-2 


372-1 


8318 


1203-66 


84-20 


1-861 


-5372 


246 , 398-8 


372-4 


H31-5 


1203-77 


84-21 


1-853 


-5393 


247 400-0 


372-8 


831-3 


1203-88 


84-22 


1-817 


-5114 


21» 1 400-3 


373-2 


831-0 


1203-00 


84-24 




-5135 


2Jlt ■ 400-7 


873-6 


830-7 


1201-10 


84-25 


1-832 


■5155 


250 401-1 


374-0 


830-5 


1204-21 


81-27 


1-825 


-6176 


251 401-4 


374-3 


830-2 


1201-32 


84-29 


1-818 


-5197 


■2t.-l 401-7 


374-7 


830-0 


1204-13 


84-30 


1-812 


-5517 


2f.;i 402-1 


375-0 


S29-8 


1201-51 


81-31 


1-805 


■5538 


251 402-4 


375-3 




1201-65 


84-82 


1-788 


■5559 


255 ; 402-7 


375-7 


B29-2 


1204-75 


84-83 


1-782 


-5580 


25B 403-1 


376-0 


828-9 


1204-86 


84-34 


1-785 


-5601 


2,17 403-:. 


37a-3 


828-6 


1304-97 


84-35 


1-778 


■6622 


25(1 . 40311 




828-3 


1205-08 


81-36 


1-772 


■6613 


2511 ■ 404-2 




8280 


1205-lS 


84-38 


1-765 


■5861 


■m 


■104-0 


377-4 


S27-8 


1205-29 


84-39 


1-758 


■5685 


2til 
2Ki 


404-9 


377-8 


8-27-6 


12053-9 
12U5-50 


84-40 
84-42 


1-752 
1-747 


-5705 
-5726 




105-5 


378-5 


8-27-1 


1205-60 


84-43 


1-710 


-5716 


2B4 


405-8 




826-8 


1205-70 


84-44 


1-733 


-5767 


2«5 


400-1 


379-2 


8-26-6 


1205-80 


84-45 


1-728 


-5788 


2«« 


40H-i 


379-6 


826-S 


1205-80 


84-47 


1-721 


■am 


■>ti7 


400-9 


379 9 


826-0 


1206-00 


84-48 


1-716 


■6830 


2tiS 


407-2 


sm-i 


825-7 


1206-11 


84-49 


1-710 


■5851 


2H9 


407-5 


380-6 


825-5 


1206-21 


84-50 


1-703 


-5872 


270 


40r-8 


3810 


825-3 


1206-31 


81-51 


1-897 


■5891 



PROPERTIES OF SATURATED STEAM. 
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si 
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P 



a 1 






n 



^^ 



s 






8-5 1* 5 







4S 0b 
o o 



271 


408-1 


381-3 


825-0 


272 


408-4 


381-7 


824-8 


273 


408-8 


382-0 


824-6 


274 


409-1 


382-3 


824-3 


275 


409-4 


382-6 


824-0 


276 


409-8 


383-0 


823-8 


277 


410-0 


383-3 


823-6 


278 


410-4 


383-6 


823-4 


279 


410-8 


384-0 


823-1 


280 


411-1 


384-3 


822-9 


281 


411-4 


384-7 


822-7 


282 


411-8 


385-0 


822-5 


283 


412-1 


385-3 


822-2 


284 


412-4 


385-6 


822-0 


285 


412-7 


386-0 


821-7 


286 


413-0 


386-3 


821-5 


287 


413-4 


386-6 


821-3 


288 


413-7 


387-0 


821-0 


289 


414-0 • 


387-3 


820-8 


290 


414-3 


387-6 


820-6 


291 


414-6 


387-9 


820-3 


292 


415-0 


388-2 


820-1 


293 


415-3 


388-5 


819-9 


294 


415-6 


388-8 


819-7 


295 


415-9 


389-2 


819-5 


296 


416-2 


389-5 


819-2 


297 


416-6 


389-8 


819-0 


298 


416-9 


390-1 


818-8 


299 


417-2 


390-4 


818-6 


300 


417-5 


390-8 


818-4 















Pm 



§•2 



Is 



+ 
11 



02 



94 

CO 

fa 

"Si 

¥ 



V> 



1206-41 


84-52 


1-691 


• 


1206-51 


84-54 


1-685 




1206-61 


84-55 


1-680 




1206-71 


84-56 


1-674 




1-206-31 


84-58 


1-668 




1206-91 


84-59 


1-663 




1207-02 


84-60 


1-657 




1207-12 


84-61 


1-650 




1207-22 


84-62 


1-645 




1207-32 


84-63 


1-639 




1207-41 


84-64 


1-633 




1207-51 


84-66 


1-628 




1207-61 


84-67 


1-623 




1207-70 


84-68 


1-617 




1207-80 


84-69 


1-612 




1207-90 


. 84-70 


1-606 




1208-00 


84-71 


1-601 




12'^8-10 


84-72 


1-506 




1208-20 


84-73 


1-590 




1208-30 


84-74 


1-585 




1208-40 


84-75 


1-580 




1208-49 


84-76 


1-575 




1208-59 


84-77 


1-570 




1208-68 


84-78 


1-565 




1208-77 


84-79 


1-560 




1208-86 


84-80 


1-555 




1208-95 


84-81 


1-550 




1209-06 


84-62 


1-545 




1209-15 


84-83 


1-640 




1209-26 


84-84 


1-636 





-5915 
-5935 
-5956 
•5978 
-5999 
-6020 
-6040 
-4060 
-6080 
-6101 

-6122 
-6143 
-6164 
•6185 
•6206 
•6227 
-6248 
-6269 
-6290 
-6310 

•6330 
•6351 
-6371 
-6392 
-6414 
-6434 
-6455 
-6475 
'6495 
-6515 
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tkmi»kkati:kk — i»kkssl'kk table. 



STEAM. 



TkMI'KRATUKK— PKfSSl'RE TaBLK. 



Temp. 
K. 


t 

rn'ssiin.". 

1 


Temi*. 
F. 


PrcHMurc 


60 


•2f) 


•»:. 


•M 


HI 


•26 


9f) 


•83 


62 


•27 


{♦7 


•.S6 


63 


"2S 


98 


•89 


64 


•29 


99 


•91 


65 


•30 






66 


•31 


100 


•9 4 


67 


•82 


101 


•97 


6S 


•33 


102 


100 


69 


•35 


103 


103 






104 


106 


70 


•36 


105 


109 


71 


•37 


106 


113 


72 


•38 


107 


116 


73 


•40 


108 


ri9 


74 


•41 


109 


123 


75 


•42 






76 


•44 


110 


1-27 


77 


•45 


111 


rso 


78 


•47 


112 


134 


79 


•49 


113 


1-38 






114 


1-42 


80 


•50 


116 


146 


81 


•52 


116 


1-50 


82 


•53 


117 


1-55 


88 


•56 


118 


1-69 


84 


•57 


119 


1-64 


85 


•59 






86 


•61 


120 


1-68 


87 


•63 


121 


1-73 


88 


•65 


122 


1-78 


89 


•67 


123 


1-83 






124 


1-88 


90 


•69 


125 


1-93 


91 


•71 


126 


i^y8 


92 


•74 


127 


2-04 


93 


•76 


128 


2-10 


94 


•78 


129 


2-15 



T«-ini». 
F. 


ProMuru. 
2-21 


130 


131 


227 


132 


2-33 


133 


240 


134 


2-46 


135 


252 


136 


2-59 


137 


2 66 


133 


273 


139 


2-80 


140 


2-88 


141 


2-95 


142 


3 03 


143 


3^11 


144 


3-19 


145 


327 


146 


3-35 


147 


3 44 


148 


353 


149 


3-62 


150 


3-7 


151 


3-8 


152 


3 9 


153 


40 


154 


4] 


155 


4-2 


156 


4-3 


157 


4^4 


158 


4-5 


159 


4-6 


160 


4-7 


161 


4-8 


162 


5-0 


163 


5^1 


164 


^•2 



Temp. 
F. 



71 



165 
166 
167 
168 
169 

170 
171 
172 
173 
174 
175 
176 
177 
178 
179 

180 
181 
182 
183 
184 
185 
186 
187 



I 



I 



Pressure. 

6^3 
6 5 
5 6 
5^7 
5 9 

60 
6^1 
63 
6-4 
6^6 
6^7 
69 
70 
7-2 
7-3 



I r- 



7-5 

77 
7-8 
80 
8-2 
8^4 
8-6 
8-8 



188 


8 9 


189 


9-1 


190 


9^3 


191 


95 


192 


97 


193 


100 


194 


10-2 


195 


10-4 


196 


10-6 


197 


10-8 


198 


IM 


19P 


11-8 



TEMPER ATURE PRESSURE TABLE. 
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Tempi 


PreMure. 


Temp. . 
F. 

1 


Prearare. 


Temp. 
F. ; 

i 


pre lire. Temp, 
F. 


Prepare. 


200 


11-5 


237 


23 7 


273 


441 


310 


77 9 


201 ' 


11-8 


238 


241 


274 


44-8 


311 


79 1 


202 : 


120 


239 


24-6 


275 


455 


312 


80-2 


203 


12-3 


1 

1 




276 


46-3 


313 


81-4 


204 1 


12-5 


240 ' 


250 


277 


47-0 


314 


82-6 


205 i 


12-8 


241 


255 


278 


47-8 


315 


83-H 


206 ' 


13-0 


242 


25-9 


279 


48 6 


316 


85 


207 


13-3 


243 


26-4 






317 


86 2 


208 


13-6 


244 


26-9 


280 


49-3 


318 


87-5 


209 


13-8 


245 


27-4 


281 


50-1 


319 


88-7 






246 


27-8 


282 


50-9 






210 


14-1 


247 ' 


28-3 


283 


51-7 


320 


90 


211 


144 


248 : 


28-9 


284 


52-6 


321 


91-3 


212 ' 


147 


249 ; 


29-4 


285 


53-4 


322 


925 


213 


15 






. 286 


54-2 


323 


93-9 


214 


153 


250 1 


29-9 


287 


551 


324 


95 2 


215 


15-6 


251 


30-4 


288 


560 


325 


99-5 


216 


15 9 


252 


30 9 


289 1 


56-8 


326 


97 9 


217 


16-2 


253 


315 


j 




327 


99-2 


218 


16-5 


254 ' 


320 


290 ' 


57-7 


328 


100 6 


219 


16 9 


255 ' 


32-6 


291 


58-6 


329 


1020 






256 


33-2 


292 


59 5 






220 


172 


257 


33-7 


293 


60-5 


330 


103-4 


221 


17-5 


258 


34-3 


294 


61-4 


331 


104-9 


222 


17-9 


259 


34-9 


295 


62-3 


332 


106 3 


223 


18-2 






296 


63-3 


333 


107-8 


i24 


18-6 


260 


35 5 


297 


643 


334 


109 3 


225 


18-9 


261 


361 


298 


65-2 


335 


110-7 


226 


, 19-3 


262 


36-7 


299 


66-2 


336 


112 2 


227 


; 19-7 


263 


37 4 






337 


113 8 


228 


20-0 


264 


380 


300 


67-2 


338 


115-3 


229 


20-4 


265 


38-6 


301 


68-2 


339 


116-9 






266 


39-3 


302 


693 






230 


20-8 


267 


39-9 


303 


70-3 


340 


118-4 


231 


21-2 


268 


40-6 


304 


71-4 


341 


120-0 


232 


' 21-6 


269 


41-3 


305 


724 


342 


121-6 


233 


22-0 






306 


73-5 


343 


123-3 


234 


; 22-4 


270 


420 


307 


74-6 


344 


124-9 


235 


22-8 


271 


42-7 


308 


75 7 


345 


126-6 


286 


23-3 


272 


43-4 


309 


768 


34^ 


12.S-2 



Q 
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TEMPERATl'KE PRESSURE TABLE. 



VIII 1 1. 

F. 



:J47 
a4H 
Si\* 

350 
351 
352 
353 
354 
355 
35(5 
357 
358 
359 

360 
361 
862 
363 
364 
365 
366 
367 
368 
369 

370 
371 
372 



PreMure. 



29*3 
131-6 
133 4 



135-1 
136-9 
138-7 
140-5 
142-3 
1441 
1460 
147-8 
149-7 
151-6 

153-6 
155-5 
157-5 
159-5 
161-5 
163-5 
165-5 
167-6 
169 7 
171-8 

173 9 
1761 
178-2 



Temp 
F. 



373 
374 
375 
376 
377 
378 
379 

380 
3J<1 
3«2 
383 
3»4 
385 
386 
387 
388 
389 



7 I 



390 
391 
392 
393 
394 
395 
396 
397 
398 



i'ressure 

1^0-4 
1S2-6 
1.H4-9 
187-1 
l»9-4 
1917 
1940 

196-3 
198-7 
2011 
203-5 
205-9 
208-3 
210-8 
213-3 
215-8 
218-3 

220-9 
2-23-5 
226-1 
228-7 
231-4 
234-0 
236-7 
239-4 
242-2 



3P9 2i50 



1 Tera[.. 


I*re««ire. 


400 


247-8 


401 


250-6 


402 


253-4 


403 


256-3 


404 


259-2 


405 


•262-1 


406 


2650 


407 


2680 


408 


271-0 


409 


2740 


410 


277-1 


411 


280-1 


412 


283 2 


413 


286-3 


414 


289-5 


416 


292-7 


416 


2959 


417 


2991 


418 


302-3 


419 


3056 


420 


308-9 


421 


312-3 


422 


315-6 


423 


319-0 


424 


322-4 


425 
426 


325-9 


.^-29 3 



Temp. 
F. 



427 

428 
429 

430 
431 
432 
433 
434 
435 
436 
437 
438 
439 

440 
441 
442 
443 
444 
445 
446 
447 
448 
449 



Preaaure. 

332-8 
336-4 
339-9 

3435 
3471 
350-7 
354-4 
358-0 
361-7 
365-5 
369-2 
378*0 
376-8 

880-7 
884-6 
388-5 
392-4 
396-4 
400*4 
404*4 
408-4 
412-5 
4166 



450 4207 



CIRCUMFERENCES AND AREAS. 



Diar. 



1 
s 

'9 

i 

f 

7 

■5" 
1 1 
ITT 
^ 

1 

te 



Circles from ^ in. to 100 in. diameter. 

Diar. I Clrcumf. 



Circumf. 



Area. 



15 

l" 

J* 

If* 

J* 

J" 

24 
2i 



« 



2t», 

21 

2A 

24 

2^ 

2J 



•1963 
•3927 
•5890 
•7854 
•9817 
1-1781 
1-3744 
V6708 
1-7771 
1-9635 
2-1698 
2-3562 
25525 
2-7489 
2-9452 
31416 
3-3379 
3-6343 
3-7306 
3 9270 
4-1233 
4-3197 
4-5160 
4-7124 
4-9087 
5-1051 
5-3014 
5-4978 
5-6941 
5-8906 
60868 
6-2882 
6-4795 
6-6759 
6-8722 
7-0686 
7-2649 
7-4613 
7-6576 
7 8540 
8-0603 
8-2467 



-00307 

•01227 

-02761 

•04909 

-07670 

•1104 

•1503 

•1963 

-2485 

•3068 

•3712 

•4417 

•6185 

•6013 

-6903 

•7854 

•8866 

•9940 

1-1075 

12271 

1-3530 

1^4848 

1-6229 

1-7671 

1-9175 

2-0739 

2-2365 

2-4052 

2-5800 

2-7611 

2-9483 

3-1416 

3-3380 

3-5465 

3-7684 

3-9760 

4-2000 

4-4302 

4-7066 

4-9087 

5-1573 

5-4119 



2U 

2^ 

21 .1 

21 

2H 
3 

3iV 
3i 

3 3 

3J 

3A 



3H 

3i 

3HI 

3H 

4 

4i'ir 
4i 

4A 
4i 

4f 



4/- 



kV 

4i 

4i^, 

4f 

4H 

41 

4H 

4i 

4M 

5 

5rV 
5i 



5i 



V 



8-4430 
8-6394 
8-8357 
9-0321 
9 2284 
9-4248 
9-6211 
9-8175 
10-014 
10-210 
10-406 
10-602 
10-799 
10-995 
11-191 
11-388 
11-584 
11-781 
11-977 
12-173 
12-369 
12-566 
12-762 
12-959 
13-155 
13-351 
13-547 
13-744 
13940 
14-137 
14^333 
14-529 
14^725 
14-922 
15-119 
15-315 
16-511 
15-708 
15-904 
16-100 
16-296 
16-493 



Area. 

5-6723 
5-9395 
6-2126 
6-4918 
6-7772 
7-0685 
7-3662 
7-6699 
7-9798 
8-2957 
8-6180 
8-9462 
9-2807 
9-6211 
9-9680 
10-320 
10-679 
11-044 
11-416 
11-793 
12-177 
12566 
12-962 
13364 
13-772 
14-186 
14-606 
15-033 
15-465 
15 904 
16-349 
'6-800 
17-257 
17-720 
18-190 
18-665 
19-147 
19-636 
20-129 
20-629 
21-185 
21647 
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(URCUMFEUKXCKS AXl) AREAS OF CIRCLES. 



Diar. | Oiroumf. 



"Iff 

^h 
5i 

5S 

51* 
b\ 

5}S 
55 
5tt 
6 

6i 
6i 



6i 

6^ 

6^ 

7 

74 

7i 

7^ 

7i 

7a 

7^ 

71 
8 

8i 

8^ 
8J 

81 
9 

9i 

Oi 
9iJ 

9i 
^% 

91 



16-689 
16-886 

17 082 
17-278 
17*474 
17*671 
17*867 
18-064 
18-261 
18*457 

18 653 
18*849 
19*242 
19-635 

20 027 
20-420 
20813 

21 205 
21-;,98 
21991 
22-383 
22-776 
23169 
23'562 
23-954 
24-347 
24740 
25-132 
25-515 
25-918 

26 310 
26-703 

27 096 
27-489 
27-881 
28-274 

28 667 
29-059 
29452 
29-845 
30-237 
30-630 
31023 



Area. 

22166 
22-690 
23 221 
23-758 
24-301 
24-850 
25-406 
26-967 
26-635 
27-108 
27-688 
28-274 
29-464 
30-679 
31919 
83183 
34-471 
35-784 
37122 
38-484 
39 871 
41-282 
42-718 
44178 
46 663 
47173 
48-707 
50-265 
51-848 
53-456 
55-088 
56-745 
58-4-26 
60-132 
61 862 
63-617 
65-396 
67-200 
69-029 
70-882 
72-759 
74-662 
76 588 



Diar. , Circiimf. 






10 

lOi 

108 
104 
10§ 
10^ 
10^ 

11 

iH 
Hi 

im 
m 

111 
ill 
llj 

12 

12* 
12J 
1215 

12^ 
12i 
12^ 

12| 

13 

13i 

13i 

13S 

13^ 

13(1 

13^ 

13? 

14 

14i 

14i 

14i 

14a 
14^ 

14g 
15 

15i 
15i 



31-416 
31808 
32-201 
32-594 
32-986 
33-379 
33-772 
34-164 
34-658 
34-950 
36-348 
35-736 
36-128 
86-521 
36-913 
37-306 
37-699 
38-091 
38-484 
38-877 
39-270 
39-662 
40-055 
40-448 
40-840 
41-23;< 
41-626 
42-018 
42-411 
42-804 
43-197 
43-589 
43-982 
44-375 
44-767 
45-160 
45 663 
45 945 
46-338 
46-731 
47-124 
47-616 
47*909 



Area. 

78 640 

80-616 

82 616 

84-540 

86590 

88-664 

90-762 

92-885 

95 033 

97-205 

99-402 

101-623 

103-869 

106-139 

108-434 

110-763 

113-097 

116-466 

117-869 

120-276 

122-718 

126-184 

127-676 

130-192 

132-732 

135-297 

187-886 

140-600 

143-139 

145-802 

148-489 

151-201 

153'938 

166-699 

169-486 

162-296 

165-130 

167-989 

170-873 

173-782 

176-716 

179-672 

182-664 



■^^ 








1 




riRCUMFERESrES ASP AUEAS OF CIRCLES. 229 | 










1 




Dtar. 1 CbmMt. 


Ar-. 


Mb-. 


ci™.t 


Ar«. 


1^ 48-302 


185-661 


20i 


65-188 


338-163 




m 48-694 


188-6B2 


20i 


65-580 


3*2260 




15i 49-osr 


191748 


21 


65-973 


3*6-361 




m 1 484B0 


104-823 


211 


86-866 


350497 




161 49-872 


197-B33 


21 


S6769 


364-667 




18 50 385 


201-062 


21 


67-lBl 


368-841 




1^ 50*S58 


204-216 


21 


67-5*4 


393-061 




16i Sl-051 


207-39* 


21 


97-937 


367-28* 




mi 51-J43 


210-697 


21 


68-328 


371-5*3 




im 1 S1-B36 


21S-825 


21 


68722 


376-B2S 




16i 52-229 


217-077 


22 


60-116 


880-133 




lej * 52-621 


220-353 


221 


69-607 


384-465 




16i 1 63-OU 


223-65* 


22i 


68-90U 


388-822 




17 53-407 


226 980 




70-298 


393-203 




174 1 53799 


230-330 


221 


70-886 


397-608 




17i 1 54-192 


233705 




71-078 


402-038 




17 54-585 


237-104 




71-471 


408-483 




17 54-S78 


240-528 


221 


71-864 


410-972 




17 56-S70 


243 977 


23 


72-258 


415*78 




17 55 768 


2*7-450 


23i 


72-649 


420-00* 




17 56-156 


260-947 




73-042 


42*557 




18 56-548 


254-469 




73-134 


129-136 




181 1 ■'^6'Sll 


258-016 




73-827 


433-731 




18i 57-334 


261-587 




74-220 


*38-363 




1^ 57726 


266-182 




74-813 


443-014 




184 ' 58'11» 


288-803 


231 


751)05 


447-889 




18| , 58-512 


372*47 


24 




452-390 




18| 5S'905 


276-117 


241 


76-7flI 


*6M1B 




181 1 £9-287 


279-811 


241 


79-183 


*81-8S4 




18 69-690 


283-528 


24 


78-576 


468-638 




19i 1 60-083 


287-272 


21 


78-998 


*71-486 




191 ' 60'J76 


291-039 


24 


77-361 


478-268 




19a 60-888 


29*'831 


24 


77-754 


481-106 




19i 81-261 


298-648 


24 


78 -147 


485-978 




1^ 1 61-853 


302-188 


25 


78-640 


490-875 




leS 1 62-046 


306-355 


25 


78-932 


495-798 




19J 62-439 


310-245 


251 


79326 


600741 




20 92-832 


314-160 


26 


78-718 


506711 




201 S3-224 


318 098 


25 


80110 


510706 




ay 83-617 


322-0S3 




80-503 


515-7-2S 




208 ' fl*-030 


3-26051 




80-896 


520-789 




20i , 64-402 


330-061 




81-288 


525-837 


^^H 


20| 1 647fl5 


334-101 


2« 


81-881 


530-930 


1 


• 




^ 





230 



CIRCITMKKUENX'ES AND AKKAS OF CIRCLES. 



Dlar. 


Ciruuiuf. 


Area. 


Diar. 


Clrcumf. 


Area. 


m 


82074 


536 047 


31i 


98 968 


779-313 


26^ 


82-467 


541-189 


31 i 


99-353 


785-510 


20^ 


82 -^59 


546-356 


31^ , 


99-745 


791-732 


26^ 


8.s-2r>2 


551-547 


S« 


100-138 


797-978 


26^ 


83-645 


556-762 


32 


100-531 


804-249 


2tti' 


84037 


562-002 


B 


100-924 


810 545 


26^ 


84-430 


567 267 


^ 


101-316 


816-865 


27 


84-823 


572-556 


'B 


101-709 


823-209 


274 


85-215 


577 870 


3 


102102 


829-578 


27i 


85-608 


583-208 


W^ 


102-494 


835-972 


27g 


86001 


588-571 


m 


10-2-887 


842-390 


27i 


86 394 


593-958 


^5 


103 280 


848-833 


271 


86-786 


599-370 


33 


103-672 


855-30 


27i 


87179 


604-807 


33t 


104-055 


861-79 


27J 


87-572 


610-268 


Si 


104-458 


868-30 


28 


87-964 


615-753 


m 


104-850 


874-84 


28i 


88-357 


621-263 


m 


105-243 


881-41 


28i 


88-750 


626-798 


33a 


105 636 


888-00 


28i 


89142 


632-357 


33^ ' 


106 029 


894-61 


28i 


89-535 


637-941 


33i 


106-421 


901-25 


281 


89 928 


643-594 


34 


106-814 


907-92 


28| 


iiO-321 


649-182 


34J 


107-207 


914-61 


28g 


90-713 


654-839 


SH 


107-599 


921-32 


a) 


91-106 


660-521 


34i 


107-992 


928 06 


29i 


91-499 


666 227 


34i 


108-385 


934-82 


29^ 


91-891 


67l-9.^»8 


341 


108 777 


941-60 


29g 


92-284 


677-714 


34^ 


109-170 


948-41 


29i 


92-677 


683-494 


34J 


109-563 


955-25 


29t 


93-069 


689-298 


35 


109-966 


96211 


29^ 


93-462 


695-12S 


m 


110-348 


968-99 


29^ 


93855 


700-981 


35J 


110-741 


975-90 


30 


94-248 


706-860 


351 


111-134 


982-84 


30J 


94-640 


712-762 


35i 


111-526 


989-80 


3()i 


95033 


718-690 


35§ 


111-919 


996-78 


30i 


95-426 


724-641 


m 


112312 


1003-78 


30i 


95-818 


730-618 


m 


112-704 


1010-82 


30t 


96-211 


736-619 


36 


113-097 


1017-88 


30^ 


96-604 


742-644 


m 


113-490 


1024-95 


30i 


96-996 


748-694 


36i i 


113-883 


103206 


31 


97-389 


754-769 


36i 


114275 


1039-19 


31 i 


97-782 


760-868 


m 


114-668 


104635 


31 i 


98175 


766-992 


m 


115061 


1053-52 


31g 


98-567 


773-140 


36^ 


115-45.S 


1060 73 . 



CIRCUMFERENCES AND AREAS OF CIRCLES. 
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Diar. 


Clrcumf. 


Area. 
1067-95 


Diar. 


Gircumf. 
132-732 


Area. 


36? j 


115-846 


m 


1401-98 


37 ! 


116-239 


1075-21 


421 


133-125 


1410-29 


m 


116-631 


1082-48 


42.^ 


133-518 


1418-62 


37i ! 


117-024 


1089-79 


421 


133-910 


1426-98 


378 1 


117-417 


109711 


42^ 


134-303 


1435-36 


37i 


117-810 


1104-46 


422 


134-696 


1448-77 


37i 


118-202 


111184 


43 


135-088 


1452-20 


37} 


118-595 


1119-24 


434 


135-481 


1460-65 


37J 


118-988 


1126-66 


43i 


135-874 


1469-13 


38 


119-380 


113411 


431 


136266 


1477 68 


38i 


119-773 


1141-59 


434 


136-659 


148617 


m 


120-166 


1149-08 


43i 


137*052 


1494-72 


381 


120-558 


1156-61 


m 


137-445 


1503-30 


38i : 


120 951 , 


1164-15 


m 


137*837 


1511-90 


381 


121*344 


1171-73 


44 


138-230 


1520-53 


381 


121-737 


1179-32 


444 


138-623 


1529 18 


38J 


122-129 


1186-94 


44i 


139015 


1537-86 


30 


122 522 


1194-59 


448 


139-408 


1546-55 


m 


122-915 


1202-26 


444 


139-801 


1555-28 


m 


123-307 


1209-95 


m 


140-193 


1564-03 


391 


123-700 


1217-67 


441 


140-586 


1572-81 


m. 


124093 


1225-42 


44J 


140-979 


1581-61 


391 


124-485 


123318 


45 


141-372 


1590*43 


391 


124-878 


1240-98 


454 


141-764 


1599-28 


395 


125-271 


1248-79 


45i 


142*157 


1608-16 


40 


125-664 


1256-64 


m 


142550 


1617-04 


40^ 


126-056 


1264-50 


454 


142 942 


1625-97 


40i 


126-449 


1272*39 


451 


143-385 


1634-92 


40^ 


126-842 


1280-31 


45$ 


143-728 


1643-89 


40^ 


127-234 


1288-25 


45J 


144-120 


1652-88 


401 


127*627 


1296-21 


46 


144-513 


1661-90 


40| 


128-020 


1304-20 


464 


144-906 


1670-95 


40i 


128-412 


1312-21 


46J 


145-299 


1680-01 


41 


128*805 


1320*25 


46i 


145-691 


1689-10 


414 


129-198 


1328-32 


464 


146-084 


1698-23 


4U 


129-591 


1336-40 


m 


146-477 


1707-37 


m 


129-983 


1344-51 


m 


146-869 


1716-54 


4U 


130-376 


1352-65 


m 


147-262 


1725-73 


418 


130-769 


1360-81 


47 


147-655 


1734-94 


41} 


131-161 


1369-00 


474 


148 047 


1744-18 


41i 


131-554 


137721 


47i 


148-440 


1753-45 


42 


131 947 


. 1385-44 


471 


148-833 


1762*73 


424 


132-339 


1393-70 


474 


149226 


1772-05 
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<:IBCUMFERENCES AND AREAS OF CIRCLES. 



Diar. 


Circumf. 


Area. 


Diar. | 


Circumf. 


Area. 


471 


149-618 


17bl-39 


56 


175-929 


2463-01 


471 


160011 


1790-76 


56J 


176-715 


2485-05 


472 


150-404 


1800-14 


564 


177-500 


2507-19 


48 


150-796 


1809-56 


56| 


178-285 


2529-42 


48ii 


151-189 


1818 99 


57 


179-071 


2551-76 


48i 


151-582 


1828-46 


57i 


179856 


2574-19 


48f 


151-974 


1837-93 


574 


180-642 


2596-72 


48^ 


152-367 


1847-45 


m 


181-427 


2619-35 


481 


152-760 


1856-99 


58 


182-212 


2642-08 


481 


158158 


1866 55 


58J 


182-998 


2664-91 


48J 


153-545 


187618 


584 


183-783 


2687-83 


4P 


153-988 


1885-74 


^* 


184-569 


2710-85 


m 


154-331 


1895-37 


50 


185-354 


2733-97 


9 


154-728 


1 1905-03 


^ 


186139 


2767-19 


155-116 


1914-70 


594 


186-925 


2780-61 


m 


155-509 


! 1924-42 


59| 


187-710 


2803-92 


m 


155-901 


i 198415 


60 


188-496 


2827-48 


M : 


156-294 


! 1948-91 


m 


189-281 


2861-06 


m 


156-687 


i 1953*69 


604 


190-066 


2874-76 


50 


157-080 


1 1963-50 


60| 


190-852 


2898-66 


50i 


157-865 


! 198318 


61 


191-637 


2922-47 


m 


158-650 


! 2002-96 


611 


192-423 


2946-47 


m 


159-436 


' 2022 84 


614 


193208 


2970-67 


51 


160-221 


2042-82 


6l| 


193 993 


299477 


51i 


161007 


2062-90 


62 


194-779 


3019-07 


514 


161-792 


2083-07 


62i 


195 564 


3043-47 


611 ! 


162-577 


2103-35 


624 


196-350 


8067-96 


52 


163-363 


; 2123-72 


621 


197-135 


8092-56 


52^ 


164-148 


■ 2144-19 


63 


197-920 


3117-25 


524 


164-934 


2164-75 


63i 


198-706 


314204 


52| ' 


165-719 


2185-42 


634 


199-491 


8166-92 


53 


166-504 


' 2206-18 


63^ 


200-277 


8191-91 


53i ' 


167-290 


' 2227-05 


64 


201-062 


8216-99 


534 ! 


168-075 


! 2248-01 


64i 


201-847 


3242-17 


53^ ! 


168-861 


226906 


644 


202-633 


3267-46 


54 


169-646 


2290-22 


64| 


203-418 


3292-83 


54i 


170-431 


2311-48 


65 


204-204 


3318-31 


54^ 


171-217 


2332-83 


651 


204-989 


3343-88 


54| 


172002 


2354-28 


654 


205-774 


3369-66 


a;3 


172-788 


2375-83 


65f 


206-560 


3395-33 


55i 


173-573 


2397-48 


66 


207-345 


3421-19 


55i i 


174-358 


2419-22 


661 


208-131 


3447-16 


55§ 1 


175144 


2441-07 


664 


20S-916 


3473-23 



CIRCUMFERENCES AND AREAS OF CIRCLES. 
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Diar. 


Circumf. 


Area. 


Diar. 


Circumf. 
243-474 


Area. 

1 


66| 


209701 


UP9-39 


77i^ 


4717-30 


ei 


210-487 


? 25 66 


77| 


244-259 


4747-79 


671 


211-272 


.5552-01 


78 


245-044 


1 4778-36 


67i 


212-058 


3578-47 


78i 


245-830 


4809-06 


67^ 


212-843 


3605 03 


784 


246-615 


4839-83 


68 


213-C28 


3631-68 


78^ 


247-401 


4870-70 


m 


214-414 


3658-44 


79 


248-186 


4901-68 


68i 


21519y 


3685-29 


79i 


248-971 


493276 


68^ 


215 985 


371224 


794 


249-757 


; 4963-92 


69 


216-770 


3739-28 


79^ 


250-542 


4995-19 


m 


217-555 


3766-43 


80 


251-328 


5026 55 


60i 


218-341 


3798-67 


m 


252113 


; 5058-00 


691 


219-126 


3821-02 • 


804 


252-898 


5089-58 


70 


219-912 


3848-45 


80^ 
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